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Abstract
The B → pi and B → K transitions involved in hadronic B decays are inves-
tigated in a phenomenological way through the framework of QCD factorization.
By comparing our results with experimental branching ratios from the BELLE,
BABAR and CLEO Collaborations for all the B decays including either a pion or
a kaon, we propose boundaries for the transition form factors B → pi and B → K
depending on the CKM matrix element parameters ρ and η. From this analysis,
the form factors required to reproduce the experimental data for branching ratios
are FB→π = 0.31 ± 0.12 and FB→K = 0.37 ± 0.13. We calculate the direct CP
violating asymmetry parameter, aCP , for B → pi+pi−pi and B → pi+pi−K decays,
in the case where ρ − ω mixing effects are taken into account. Based on these re-
sults, we find that the direct CP asymmetry for B− → pi+pi−pi−, B¯0 → pi+pi−pi0,
B− → pi+pi−K−, and B¯0 → pi+pi−K¯0, reaches its maximum when the invariant
mass pi+pi− is in the vicinity of the ω meson mass. The inclusion of ρ − ω mixing
provides an opportunity to erase, without ambiguity, the phase uncertainty mod(pi)
in the determination of the CKM angles α in case of b→ u and γ in case of b→ s.
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1 Introduction
The violation of CP 4 symmetry in the framework of the Standard Model is supposed
to arise from the well-known Cabibbo-Kobayashi-Maskawa (CKM) [1, 2] matrix through
a “weak” phase, φ. This matrix is based on the quark flavors, charged currents and
weak interaction properties within the Standard Model. In order to make that picture
as accurate as possible and to look for complementary insight from New Physics (NP),
B meson decays [3, 4, 5] have been investigated extensively, for many years, in both
experimental and theoretical ways.
On the experimental side, branching ratios (of order O(10−6)) for B charmless or
charm (exclusive non leptonic) decays have been measured more and more accurately
thanks to three main e+e− colliders (list non exhaustive) operating at the Υ(4S) reso-
nance: CLEO (symmetric-energy B-factory), BELLE and BABAR (asymmetric-energy
B-factories). Despite a small number of discrepancies in some of the measurements of
branching ratios, these B-facilities provide direct and/or indirect constraints on the uni-
tarity triangle (UT) parameters ρ and η. The latter parameters (known at the level of
accuracy of 10%) are the corner stone of the whole CP violation theory. They are subject
to tremendous efforts into their experimental determination since all of the B-branching
ratios (CP violating asymmetries as well) are directly related to them within the theoret-
ical formalism. The experimental determination of CP violation (direct or indirect) is not
as easy as for branching ratios because of the competition (sum or difference) between dif-
ferent topologies suffering from large hadronic uncertainties. However, since its discovery
in neutral kaon decay in 1964 [6] and in neutral B decay in 2001 [7, 8], its measurement
has been regularly improved. The main quantities which are directly measured are ǫ, ǫ′ for
kaon decays and sin 2α, sin 2β for B decays. Altogether they mainly restrict the allowed
range of values [9] for the parameters ρ and η [0.077 < ρ < 0.266, 0.298 < η < 0.406 at
95% confidence level and 0.130 < ρ < 0.226, 0.324 < η < 0.377 at 68% confidence level].
On the theoretical side, direct CP violating asymmetries in B decays occur through
the interference of, at least, two amplitudes with different weak phase, φ, and strong
phase, δ. The extraction of the weak phase φ (which is determined by a combination
of CKM matrix elements) is made through the measurement of a CP violating asym-
metry. However, one must know the strong phase δ which is not still well determined
in any theoretical framework. B non-leptonic decay amplitudes involve hadronic matrix
elements, 〈M1M2|Oi|B〉, and their computation is not trivial since it requires that one
factorizes hadronic matrix elements of four quark operators. Assuming that they are sat-
urated by a vacuum intermediate state, it reduces to the product of two matrix elements
of two quark currents, corresponding to the weak transition form factor for B → M1
(M2) and the decay constant ofM2 (M1). In addition to this “naive” image (naive factor-
ization) [10, 11, 12] justified in the large Nc-limit, radiative non-factorizable corrections
(at order O(αs)) coming from the light quark spectator of the B meson are included in
the QCD factorization [13, 14, 15, 16, 17, 18, 19, 20, 21] framework5, where the main
uncertainty comes from the O(ΛQCD/mB) terms.
4C and P denote respectively the charge conjugation and parity transformation.
5For completeness, let us mention the perturbative hard scattering approach (PQCD) [22, 23, 24, 25]
and soft collinear effective theory (SCET) [26, 27].
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It is known that in order to have a large signal for CP violation, we have to appeal to
some phenomenological mechanism to obtain a large strong phase δ. In this regard, the
isospin symmetry violating mixing between ρ0 and ω can be extremely important, since it
can lead to a large CP violation in B decays such as B → ρ0(ω)Y → π+π−Y (Y defines
a meson) because the strong phase passes through 90o at the ω resonance [28, 29, 30, 31].
In addition, as the ω is very narrow, one is essentially guaranteed that the strong phase
will pass through π/2 very close to the ω-mass regardless of other background sources of
strong phase.
In this paper, we first investigate in a phenomenological way, the dependence on the
form factors FB→π and FB→K of all the branching ratios for B decaying into πX or KX ,
where X is either a pseudo-scalar (π,K, η(′)), or a vector (ρ, ω,K∗, φ) meson. At the same
time, we determine, by making comparison between experimental and theoretical results,
a range of values for the hard-scattering (annihilation) phases, ϕH(ϕA) and parameters
̺H(̺A), respectively. These phases, ϕH,A, and parameters, ̺H,A, arise in QCD factoriza-
tion because of divergent endpoint integrals when the hard scattering and annihilation
contributions are calculated. The analysis is performed using all the latest data for b→ s
and b→ u transitions, concentrating on the CLEO, BABAR and BELLE branching ratio
results. Based on this investigation, we study the sign of sin δ, the ratio between tree and
penguin contributions and finally the direct CP violating asymmetry in B decays such
as B → π+π−Y , where Y = {π0,±, K0,±}.
The reminder of this paper is organized as it follows. In section 2, we present the
form of the low energy effective Hamiltonian based on the operator product expansion.
In section 3 we recall the naive factorization procedure and give the QCD factorization
formalism based on an expansion of naive factorization in term of ΛQCD/mB. Section
4 focuses on the ρ0 − ω, η − η′ mixing schemes as well as on the CP violation formal-
ism. In sections 5 and 6, the CKM matrix and all the necessary input parameters (form
factor, decay constant, masses) are discussed in detail, respectively. The following sec-
tion is devoted to results and discussions for B branching ratios and direct CP violating
asymmetries. Finally, in the last section, we draw some conclusions.
2 Effective Hamiltonian
In any phenomenological treatment of the weak decays of hadrons, the starting point is the
weak effective Hamiltonian at low energy [32, 33, 34, 35, 36]. It is obtained by integrating
out the heavy fields (e.g. the top quark, W± and Z bosons) from the Standard Model
Lagrangian. It can be written as,
H△B=1eff =
GF√
2
∑
i
VCKMCi(µ)Oi(µ) , (1)
where GF is the Fermi constant, VCKM is the CKM matrix element, Ci(µ) are the Wilson
coefficients, Oi(µ) are the operators entering the Operator Product Expansion (OPE) and
µ represents the renormalization scale. In the present case, since we take into account
both tree and penguin operators, the matrix elements of the effective weak Hamiltonian
2
reads as,
〈M1M2|H△B=1eff |B〉 =
GF√
2
[
VubV
∗
uq
2∑
i=1
Ci(µ)〈M1M2|Oqi |B〉(µ)− VtbV ∗tq
10∑
i=3
Ci(µ)〈M1M2|Oi|B〉(µ)
]
+ h.c. , (2)
where q = d or s according to the transition b → u or b → s. 〈M1M2|Oi|B〉 are the
hadronic matrix elements, and MiMj indicates either a pseudo-scalar and a vector in the
final state, or two pseudo-scalar mesons in the final state. The matrix elements describe
the transition between initial and final states at scales lower than µ and include, up to now,
the main uncertainties in the calculation because they involve non-perturbative physics.
The Operator Product Expansion is used to separate the calculation of the amplitude,
A(M → F ) ∝ Ci(µ)〈F |Oi|M〉(µ), into two distinct physical regimes. One is called hard or
short-distance physics, represented by Ci(µ) and calculated by a perturbative approach.
The other is called soft or long-distance physics. This part is described by Oi(µ), and is
derived by using a non-perturbative approach such as the 1/Nc expansion [37], QCD sum
rules [38, 39] or hadronic sum rules.
The operators, Oi(µ), can be understood as local operators which govern effectively a
given decay, reproducing the weak interaction of quarks in a point-like approximation.
The definitions of the operators Oi [32, 33, 34] are recalled for completeness,
- Current-current operators:
Op1 = (p¯αbα)V−A(q¯βpβ)V−A , O
p
2 = (p¯αbβ)V−A(q¯βpα)V−A , (3)
- QCD-penguin operators:
O3 = (q¯αbα)V−A
∑
q′ (q¯
′
βqβ)V−A , O4 = (q¯αbβ)V−A
∑
q′ (q¯
′
βqα)V−A ,
O5 = (q¯αbα)V−A
∑
q′ (q¯
′
βqβ)V+A , O6 = (q¯αbβ)V−A
∑
q′ (q¯
′
βqα)V+A , (4)
- Electroweak penguin operators:
O7 = (q¯αbα)V−A
∑
q′
3
2
e′q(q¯
′
βqβ)V+A , O8 = (q¯αbβ)V−A
∑
q′
3
2
e′q(q¯
′
βqα)V+A ,
O9 = (q¯αbα)V−A
∑
q′
3
2
e′q(q¯
′
βqβ)V−A , O10 = (q¯αbβ)V−A
∑
q′
3
2
e′q(q¯
′
βqα)V−A , (5)
where (q¯1q2)V±A = q¯1γµ(1 ± γ5)q2, α, β are colour indices, e′q are the electric charges of
the quarks in units of |e|, and a summation over all the active quarks, q′ = u, d, s, c, is
implied. In Eq. (3) p denotes the quark u or c and q denotes the quark u or s, according
to the given transition b → u or b → s. Finally, expressions for the operators O7γ and
O8g are,
O7γ =
−e
8π2
mb s¯σµν(1 + γ5)F
µνb ,
O8g =
−gs
8π2
mb s¯σµν(1 + γ5)G
µνb . (6)
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In Eq. (6) the definition of the dipole operators O7γ and O8g corresponds to the sign
convention applied for the gauge-covariant derivative, iDµ = iδµ + gsA
µ
ata.
The Wilson coefficients [33], Ci(µ), represent the physical contributions from scales
higher than µ (through OPE one can separate short-distance and long-distance contri-
butions). Since QCD has the property of asymptotic freedom, they can be calculated in
perturbation theory. The Wilson coefficients include the contributions of all heavy parti-
cles, such as the top quark, the W± bosons, and the charged Higgs boson. Usually, the
scale µ is chosen to be of order O(mb) for B decays. Their calculation will be discussed
in the following section.
3 Factorization
3.1 Naive factorization
The computation of the hadronic matrix elements, 〈M1M2|Oi|B〉, is not trivial and re-
quires some assumptions. The first general method is the so-called “factorization”6 pro-
cedure [10, 11, 12], in which one approximates the matrix element as a product of a
transition matrix element between a B meson and one final state meson and a matrix
element which describes the creation of the second meson from the vacuum. In other
words, the hadronic matrix elements are expressed in terms of form factor, FB→Mi, times
decay constant, fMj . This can be formulated as,
〈M1M2|Oi|B〉 =〈M1|Jµ2i|0〉 〈M2|Jµ,1i|B〉 ∝ fM1FB→M2 ,
or 〈M1M2|Oi|B〉 =〈M2|Jµ4i|0〉 〈M1|Jµ,3i|B〉 ∝ fM2FB→M1 , (7)
where the Jµ,ji are the transition currents such as q¯jγµ(1− γ5)qi. This approach is known
as naive factorization since it factorizes 〈M1M2|Oi|B〉 into a simple product of two quark
6The SU(Nc) colour-algebra relation
T aαβT
a
γδ =
1
2
(
δαδδβγ − 1
N
eff
c
δαδδβγ
)
,
is required for the factorization procedure. By reordering the colour indices and including the octet-
octet current operators (yielding from Fierz transformation) through the variable ξi (since they are non-
factorizable), the result takes into account the colour-allowed and colour-suppressed contributions which
can occur in the decay at the tree level. Neffc (N
eff
c is the effective number of colours) is defined as a
parameter which, by assumption, includes all hadronization effects which cannot be factorized completely
and is written as,
1
(Neffc )i
=
1
3
+ ξi ,with i = 1, · · · , 10 ,
where it is assumed that Neffc is the same for all operators Oi.
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matrix elements. Therefore, the amplitude for a given decay can be finally written as,
A(B →M1M2) ∝ GF√
2
[
10∑
i=1
VCKMCi(µ)〈M1M2|Oi|B〉(µ)
]
∝ GF√
2
[
10∑
i=1
VCKMCi(µ)〈M1|Jµ2i|0〉〈M2|Jµ,1i|B〉
]
. (8)
A possible justification for this approximation has been given by Bjorken [40]: the heavy
quark decays are very energetic, so the quark-antiquark pair in a meson in the final
state moves very fast away from the localized weak interaction. The hadronization of the
quark-antiquark pair occurs far away from the remaining quarks. Then, the meson can be
factorized out and the interaction between the quark pair in the meson and the remaining
quark is tiny.
The main uncertainty in this approach is that the final state interactions (FSI) are
neglected. Corrections associated with the factorization hypothesis are parameterized
and hence there may be large uncertainties [41]. Moreover, the µ-scale dependence of the
amplitude does not match on the two sides of Eq. (8). Finally, the lack of a dynamical
mechanism for creating a strong phase may lead to discrepancies in comparison with
experimental data. In spite of this, there are indications that the approach should give,
at least, a good estimate of the magnitude of the B decay amplitude in many cases [42, 43].
Working in the Quark Model scheme, the matrix elements for B → Mi and B →
M∗i (where Mi and M
∗
i denote pseudo-scalar and vector mesons, respectively) can be
decomposed as follows for the pseudo-scalar-pseudo-scalar transition [44, 45]:
〈Mi|Jµ|B〉 =
(
pB + pMi −
m2B −m2Mi
k2
k
)
µ
F1(k
2) +
m2B −m2Mi
k2
kµF0(k
2) , (9)
where Jµ is the weak current defined as Jµ = q¯γµ(1 − γ5)b with q = u, d, s and k =
PB − PMi(M∗i ). F0, F1 are the form factors related to the transition 0− → 0−. In the
helicity basis, they represent, respectively, the transition amplitudes corresponding to the
exchange of a vector and a scalar boson in the t-channel. For the vector transition, one
has:
〈M⋆i |Jµ|B〉 =
2
mB +mM⋆i
ǫµνρσǫ
⋆νpρBp
σ
M⋆i
V (k2) + i
{
ǫ⋆µ(mB +mM⋆i )A1(k
2)
− ǫ
⋆ · k
mB +mM⋆i
(PB + PM⋆i )µA2(k
2)− ǫ
⋆ · k
k2
2mM⋆i · kµA3(k2)
}
+ i
ǫ⋆ · k
k2
2mM⋆i · kµA0(k2) , (10)
where ǫµ is the polarization of M
∗
i with the condition ǫµ · P µM∗i = 0. A0, A1, A2, A3 and V
are the form factors which describe the axial and vector transitions 0− → 1−, respectively.
A1(k
2) and A2(k
2) are related to the 1+ intermediate states whereas A0(k
2) refers to the
0+ state. As regards V (k2), it can be understood as the 1− intermediate state in the
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transition 0− → 1−. Finally, in order to cancel the poles at k2 = 0, the form factors
respect the conditions:
F1(0) = F0(0), A3(0) = A0(0) , (11)
as well as the following relation:
A3(k
2) =
mB +mM⋆i
2mM⋆i
A1(k
2)− mB −mM⋆i
2mM⋆i
A2(k
2) . (12)
Regarding the matrix element 〈Mi(q)|q¯1γµ(1− γ5)q2|0〉, it simplifies as follows:
〈Mi(q)|q¯1γµγ5q2|0〉 = −ifP qµ , for a pseudo−scalar meson ,
〈Mi(q)|q¯1γµq2|0〉 = fVmV ǫµ , for a vector meson , (13)
where fp and fv define the decay constant for pseudo-scalar and vector mesons, respec-
tively.
Next, the Wilson coefficients, Ci(µ), [32, 33, 34] are calculated to the next to leading order
(NLO) and Ci(µ) is given by,
Ci(µ) = U(µ,MW )Ci(MW ) , (14)
where U(µ,MW ) describes the QCD evolution. The strong interaction being independent
of quark flavour, the Ci(µ) are the same for all B decays. The matrix elements of operators
Oi(µ) are renormalized to the one loop order and calculated at the scale µ = mb. Then,
by making a matching between the full and effective theories,
Ci(mb)Oi(mb) = C
′
i〈Oi〉tree , (15)
where 〈Oi〉tree are the matrix elements at the tree level, the “effective” Wilson coefficients
are obtained. It is more convenient to redefine them (the values of Ci are given in Table
1) such as:
ai =
(
Ci +
Ci±1
N effc
)
Ni + Pi , (16)
where the upper (lower) signs apply when i is odd (even) and Ni is equal to one for all
the cases. Pi involves the QCD penguin and electroweak penguin corrections for i = 3−6
and i = 7− 10, respectively. Pi takes the following form [35, 46, 47, 48],
Pi =


0 ; i = 1, 2,
Ps
(
1
N effc
− 1
3
)
; i = 3, 5,
Ps
(
1− 1
3N effc
)
; i = 4, 6,
Pe ; i = 7, 9,
Pe
N effc
; i = 8, 10,
(17)
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with the following explicit expressions for Ps and Pe:
Ps =
αs
8π
C2
(
10
9
+G(mc, µ, q
2)
)
,
Pe =
αem
9π
(3C1 + C2)
(
10
9
+G(mc, µ, q
2)
)
.
The function, G(mc, µ, q
2), models the one-gluon(photon) exchange and takes the form,
G(mc, µ, q
2) = 4
∫ 1
0
dx x(x− 1)lnm
2
c − x(1 − x)q2
µ2
.
Here q2 is the typical momentum transfer of the gluon or photon in the penguin diagrams.
The explicit expression for G(mc, µ, q
2) is given in Ref. [49]. Based on simple arguments
at the quark level, the value of q2 is usually chosen in the range 0.3 < q2/m2b < 0.5 [28, 29].
We underline that the naive factorization approach does not take into account the final
state flavour in the calculation of QCD or electroweak penguin corrections. Note as well
that if N effc = Nc = 3, QCD penguin corrections go to zero for i = 3, 5.
3.2 QCD factorization
Factorization in charmless B decays involves three fundamental scales: the weak interac-
tion scale, MW , the b quark mass scale, mb, and the strong interaction scale, ΛQCD. The
matrix elements 〈M1M2|Oi|B〉(µ) that depend on both mb and ΛQCD, contain perturba-
tive and non-perturbative effects which are not accurately estimated in naive factorization.
The aim is therefore to obtain a good estimate of the matrix elements without using the
latter formalism, where the matrix element of a four fermion operator is directly replaced
by the product of the matrix elements of two currents, one semi-leptonic and the other
purely leptonic. The QCD factorization (QCDF)7 approach, based on the concept of color
transparency as well as on a soft collinear factorization where the particle energies are
bigger than the scale ΛQCD, allows us to write down the matrix elements 〈M1M2|Oi|B〉(µ)
at the leading order in ΛQCD/mb. When a heavy quark expansion such as mb ≫ ΛQCD is
assumed, it follows that:
〈M1M2|Oi|B〉(µ) = 〈M1|j1|B〉〈M2|j2|0〉
[
1 +
∑
n
rnα
n
s +O(ΛQCD/mb)
]
, (18)
where rn refers to the radiative corrections in αs and ji are the quark currents defined as
usual. It is straightforward to see that if we neglect the corrections at order αs and work
to the leading power in ΛQCD/mb, we recover the conventional naive factorization in the
heavy quark limit. Despite the fact that most of the non-factorizable power-suppressed
corrections are neglected, the hard-scattering spectator interactions and annihilation con-
tributions cannot be ignored since they are chirally-enhanced.
7For a complete and detailed presentation of QCDF, we mainly refer to the papers of M. Beneke, M.
Neubert, G. Buchalla and C.T. Sachrajda [15, 16, 17, 18, 19, 20].
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We can write the matrix elements 〈M1M2|Oi|B〉(µ), at the leading order in ΛQCD/mb,
in the QCDF approach by using a partonic language which gives [15, 16, 17, 18, 19, 20]:
〈M1M2|Oi|B〉(µ) = FB→M1j (0)
∫ 1
0
dxT Iij(x)φM2(x) + A
B→M2
k (0)
∫ 1
0
dyT Iik(y)φM1(y)
+
∫ 1
0
dξ
∫ 1
0
dx
∫ 1
0
dyT IIi (ξ, x, y)φB(ξ)φM2(x)φM1(y) , (19)
where φMi with Mi = V, P,B are the leading twist light cone distribution amplitudes
(LCDA) of the valence quark Fock states. The light cone momentum fractions of the
constituent quarks of the vector, pseudo-scalar and B mesons are given respectively by
x, y, and ξ. The form factors for B → P and B → V semi-leptonic decays, evaluated at
k2 = 0, are denoted by FB→Pj (0) and A
B→V
k (0). The hadronic decay amplitude involves
both soft and hard contributions. At leading order, all the non-perturbative effects are
assumed to be contained in the semi-leptonic form factors and the light cone distribution
amplitudes. Then, non-factorizable interactions are dominated by hard gluon exchanges
(in the case where the O(ΛQCD/mb) terms are neglected) and can be calculated pertur-
batively, in order to correct the naive factorization approximation. These hard scattering
kernels, T Iik and T
II
i , are calculable order by order in perturbation theory. The naive
factorization terms are recovered by the leading terms of T Iik and T
I
ij coming from the tree
level, whereas vertex and penguin corrections (Fig. 1) are included at the order of αs in
T Iik and T
I
ij . The hard interactions (at order O(αs)) between the spectator quark and the
emitted meson (Fig. 1), at large gluon momentum, are taken into account by T IIi .
The coefficients, api (M1M2), written as a linear combination of Wilson coefficients,
Ci(µ), (see Table 1) are calculated at next-to-leading order in αs and contain all the
non-factorizable effects. Their general form is [50],
api (M1M2) =
(
Ci +
Ci±1
Nc
)
Ni(M2)
+
Ci±1
Nc
CFαs
4π
[
Vi(M2) +
4π2
Nc
Hi(M1M2)
]
+ P pi (M2) , (20)
where p denotes the u or c quark. Ni(M2) = 0 if i = 6, 8 with M2 = V , and Ni(M2) = 1
for all other cases. The first terms in Eq. (20) include naive factorization followed by the
vertex and the hard spectator interactions, whereas the last term describes the penguin
corrections. Contrary to naive factorization, the QCDF approach takes into account the
flavour of the final state through the coefficients, api (M1M2).
The vertex corrections, Vi(M2), (see Fig. 2) are given by [50],
Vi(M2) =


∫ 1
0
dxΦM2(x)
[
12 ln
mb
µ
− 18 + g(x)
]
; i = 1–4, 9, 10,
∫ 1
0
dxΦM2(x)
[
− 12 ln mb
µ
+ 6− g(1− x)
]
; i = 5, 7,
∫ 1
0
dxΦm2(x)
[
− 6 + h(x)
]
; i = 6, 8,
(21)
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where, ΦM2(x), is the light-cone amplitude for a pseudo-scalar or vector meson and,
Φm2(x), is the twist-3 amplitude
8 for the same mesons. The kernels g(x) and h(x) have
the following form [50],
g(x) = 3
(
1− 2x
1− x ln x− iπ
)
+
[
2 Li2(x)− ln2x+ 2 lnx
1− x − (3 + 2iπ) lnx− (x↔ 1− x)
]
,
h(x) = 2 Li2(x)− ln2x− (1 + 2πi) ln x− (x↔ 1− x) .
(22)
Next, Hi(M1M2) (see Fig. 2) describes the hard gluon exchanges between the spectator
quark in the B meson and the emitted meson, Mi (pseudo-scalar or vector). These hard
scattering corrections include chirally-enhanced contributions and take the form [50],
Hi(M1M2) =


mB
λB
∫ 1
0
dx
∫ 1
0
dy
[
ΦM2(x)ΦM1(y)
x¯y¯
+ rM1χ
ΦM2(x)Φm1(y)
xy¯
]
;
−mB
λB
∫ 1
0
dx
∫ 1
0
dy
[
ΦM2(x)ΦM1(y)
xy¯
+ rM1χ
ΦM2(x)Φm1(y)
x¯y¯
]
;
0 ;
with mB
λB
=
∫ 1
0
dξ φB(ξ)
ξ
and where the subscript i goes as in Eq. (21). Hi(M1M2) is
multiplied by BM1M2/AM1M2 given by:
BM1M2
AM1M2
=


fBfM1
m2BF
B→M1
1 (0)
; if M1 =M2 = P,
fBfM1
m2BA
B→M1
0 (0)
; if M1 = V, M2 = P,
fBfM1
m2BF
B→M1
1 (0)
; if M1 = P, M2 = V,
(23)
with the usual definitions for fB, fMi , A
B→V
0 (0), F
B→P
1 (0) and mB. The chiral enhance-
ment factor is parameterized by the term rM1χ = 2m
2
M1
/mb(µ)(m1 +m2)(µ), with m1 and
m2 being the current quark masses of the valence quarks in the meson.
Finally, P pi (M2) are the QCD penguin (i = 4, 6) and electroweak penguin (i = 8, 10)
contributions. These quantities contain all of the non-perturbative dynamics and are the
result of the convolution of hard scattering kernels, GM2(s, x), with meson distribution
amplitudes, ΦMi(x), such as,
GM2(s) =
∫ 1
0
dxG(s− iǫ, 1− x) ΦM2(x) ,
GˆM2(s) =
∫ 1
0
dxG(s− iǫ, 1− x) Φm2(x) . (24)
The function G(s, x) is given in Ref. [50]. The imaginary parts arising in the previous
penguin functions, g(x), h(x), and G(s, x), give us three sources of strong re-scattering
8The expression for ΦM2(x) and Φm2(x) are given in Section 6.
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phases. If M2 is a pseudo-scalar, the penguin contributions, P
p
i (M2), for i = 4, 6, 8, 10,
are respectively [50]:
P pi (M2) =


CFαs
4πNc
{
C1
[
4
3
ln mb
µ
+ 2
3
−GM2(sp)
]
+ C3
[
8
3
ln mb
µ
+ 4
3
−GM2(0)−GM2(1)
]
+(C4 + C6)
[
4nf
3
ln mb
µ
− (nf − 2)GM2(0)−GM2(sc)−GM2(1)
]
−2Ceff8g
∫ 1
0
dx
1−x
ΦM2(x)
}
;
CFαs
4πNc
{
C1
[
4
3
ln mb
µ
+ 2
3
− GˆM2(sp)
]
+ C3
[
8
3
ln mb
µ
+ 4
3
− GˆM2(0)− GˆM2(1)
]
+(C4 + C6)
[
4nf
3
ln mb
µ
− (nf − 2) GˆM2(0)− GˆM2(sc)− GˆM2(1)
]
−2Ceff8g
}
;
α
9πNc
{
(C1 +NcC2)
[
4
3
ln mb
µ
+ 2
3
− GˆM2(sp)
]
− 3Ceff7γ
}
;
α
9πNc
{
(C1 +NcC2)
[
4
3
ln mb
µ
+ 2
3
−GM2(sp)
]
− 3Ceff7γ
∫ 1
0
dx
1−x
ΦM2(x)
}
;
sq = m
2
q/m
2
b is the mass ratio and can be equal to su = sd = 0, sc = m
2
c/m
2
b or sb = 1.
All active quarks at the scale µ = O(mb) are represented by q
′ = u, d, s, c, b. The other
parameters are Ci ≡ Ci(µ) (in Naive Dimensional Regularization), αs ≡ αs(µ) (next to
leading order), CF = (N
2
c − 1)/2Nc with Nc = 3. If M2 is a vector meson, P pi (M2) for
i = 4, 6, 8, 10, respectively, take the form [50]:
P pi (M2) =


CFαs
4πNc
{
C1
[
4
3
ln mb
µ
+ 2
3
−GM2(sp)
]
+ C3
[
8
3
ln mb
µ
+ 4
3
−GM2(0)−GM2(1)
]
+(C4 + C6)
[
4nf
3
ln mb
µ
− (nf − 2)GM2(0)−GM2(sc)−GM2(1)
]
−2Ceff8g
∫ 1
0
dx
1−x
ΦM2(x)
}
;
−CFαs
4πNc
{
C1 GˆM2(sp) + C3
[
GˆM2(0) + GˆM2(1)
]
(C4 + C6)
[
(nf − 2) GˆM2(0) + GˆM2(sc) + GˆM2(1)
]}
;
− α
9πNc
{
(C1 +NcC2) GˆM2(sp)
}
;
α
9πNc
{
(C1 +NcC2)
[
4
3
ln mb
µ
+ 2
3
−GM2(sp)
]
− 3Ceff7γ
∫ 1
0
dx
1−x
ΦM2(x)
}
.
The vertex and penguin corrections to the hard-scattering kernels are evaluated at the
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scale µ ∼ mb. Because the gluon is off-shell, the strong coupling constant, αs(µ), the Wil-
son coefficients, Ci(µ), and then the hard-scattering contributions, P
p
i (M2), are evaluated
at the scale µh =
√
Λhµ, with Λh = 0.5 GeV, rather than the scale µ = mb.
It has been shown in Ref. [24, 51] that the weak annihilation contributions cannot
be neglected in B meson decays even though they are power suppressed in heavy-quark
limit (ΛQCD/mb). Moreover, their contributions could carry large strong phases with
QCD corrections and hence, large CP violation might be obtained in B meson decays.
The annihilation contributions, at leading order in αs, are given by the diagrams drawn
in Fig. 3. They do not arise in the QCD factorization formulation because of their
endpoint singularities. Nevertheless, their contributions denoted by Aik(M1M2) (≡ Aik for
simplicity), are approximated in terms of convolutions of hard scattering kernels with light
cone expansions for the final state mesons. If we define x as the longitudinal momentum
fraction of the quark contained in M2 and y¯ = 1 − y, the momentum fraction of the
antiquark contained in M1, then the diagrams related to the annihilation contributions
can be expressed as [50]:
Ai1 = παs
∫ 1
0
dxdy
{
ΦM2(x) ΦM1(y)
[
1
y(1− xy¯) +
1
x¯2y
]
+ rM1χ r
M2
χ Φm2(x) Φm1(y)
2
x¯y
}
,
Ai2 = παs
∫ 1
0
dxdy
{
ΦM2(x) ΦM1(y)
[
1
x¯(1− xy¯) +
1
x¯y2
]
+ rM1χ r
M2
χ Φm2(x) Φm1(y)
2
x¯y
}
,
Ai3 = παs
∫ 1
0
dxdy
{
rM1χ ΦM2(x) Φm1(y)
2y¯
x¯y(1− xy¯) − r
M2
χ ΦM1(y) Φm2(x)
2x
x¯y(1− xy¯)
}
,
and,
Af1 = A
f
2 = 0 ,
Af3 = παs
∫ 1
0
dxdy
{
rM1χ ΦM2(x) Φm1(y)
2(1 + x¯)
x¯2y
+ rM2χ ΦM1(y) Φm2(x)
2(1 + y)
x¯y2
}
,
where the superscripts ‘i’ and ‘f ’ refer to gluon emission from the initial and final-state
quarks, respectively. WhenM1 is a vector meson andM2 a pseudo-scalar, (i.e. in the case
of decays such as B → MV1 MPS2 ) one has to change the sign of the second (twist-4) term
in Ai1, the first (twist-2) term in A
i
2, and the second term in A
i
3 and A
f
3 . When M2 is a
vector meson and M1 a pseudo-scalar (i.e. in the case of decays such as B → MPS1 MV2 ),
one only has to change the overall sign of Ai2.
Taking into account the flavour structure of the various operators involved in the weak
annihilation topologies, the annihilation amplitude can be written as,
Aa(B →M1M2) ∝ fBfM1fM2
∑
p=u,c
∑
i=1,4
VpbV
∗
psbi . (25)
The coefficients bi in Eq. (25) are expressed in terms of linear combinations of Ai(M1M2)
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and they take the following form:
b1 =
CF
N2c
C1A
i
1 ,
b2 =
CF
N2c
C2A
i
1 ,
b3 =
CF
N2c
{
C3A
i
1 + C5A
i
3 +
[
C5 +NcC6
]
Af3
}
,
b4 =
CF
N2c
{
C4A
i
1 + C6A
i
2
}
,
bew3 =
CF
N2c
{
C9A
i
1 + C7A
i
3 +
[
C7 +NcC8
]
Af3
}
,
bew4 =
CF
N2c
{
C10A
i
1 + C8A
i
2
}
, (26)
where bi(≡ bi(M1,M2)) are respectively the current-current annihilation parameters aris-
ing from the hadronic matrix elements of the effective operators for i = 1, 2, the QCD
penguin annihilation parameters for i = 3, 4 and the electroweak penguin annihilation
parameters for i = 3, 4 with the subscript ew attached to bi. The quantities bi depend on
the final state mesons through the terms Aik defined previously.
The calculation of the hard spectator as well as the annihilation contributions involves
the twist-3 distribution amplitude, φmi . It happens that these power-suppressed contri-
butions involve divergences because of the non-vanishing endpoint behaviour of φmi . This
divergence, XMi, analyzed as (for example),∫ 1
0
dy
y¯
Φmi(y) = Φmi(1)
∫ 1
0
dy
y¯
+
∫ 1
0
dy
y¯
[
Φmi(y)− Φmi(1)
]
,
≡ Φmi(1)XMi +
∫ 1
0
dy
[y¯]+
Φmi(y) , (27)
is applied in the following cases as well:∫ 1
0
dy
y
→ XMi , and
∫ 1
0
dy
ln y
y
→ −1
2
(XMi)2 . (28)
The perturbative calculation of the hard scattering spectator and annihilation contribu-
tions is regulated by a physical scale of order ΛQCD. Therefore, treating the divergent
endpoint parameterized by XMi in a phenomenological way, one may take the following
ansatz:
XMi =
(
1 + ̺Mi eiϕ
Mi
)
ln
mB
Λh
, with Λh = 0.5GeV , (29)
where the phase ϕMi and the coefficient ̺Mi give rise to a dynamically generated strong
interaction phase. This divergence, XMi, coming from the twist-3 contribution holds
for both hard spectator scattering, XMiH , and weak annihilation, X
Mi
A . It is expected
to take the form given in Eq. (29) since the soft interaction is regulated by a physical
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scale ΛQCD/mb. Moreover a strong phase (complex part of Eq. (29)) can arise because
of multiple soft scattering. In this model dependent way of dealing with the two latter
corrections, we assume that XMiH and X
Mi
A are not universal. In other words, they depend
on the flavour of the meson, Mi, but they do not depend on the weak vertex. Moreover,
in order to make this dependence more efficient, in all the calculations we use the full
distribution amplitudes for φMi and φmi by taking into account the Gegenbauer expansion
of the asymptotic distribution amplitude.
4 Mixing scheme
4.1 ρ0 − ω mixing scheme
The direct CP violating asymmetry parameter, aCP , is found to be small for most of the
non-leptonic exclusive B decays when either the naive or QCD factorization framework
is applied. However, in the case of B decay channels involving the ρ0 meson, it appears
that the asymmetry may be large in the vicinity of ω meson mass. To obtain a large
signal for direct CP violation requires some mechanism to make both sin δ and r large
(see Eq. (42) below). We stress that ρ0 − ω mixing has the dual advantages that the
strong phase difference is large (passing rapidly through 90o at the ω resonance) and well
known [28, 29, 30, 31, 52, 53]. In the vector meson dominance model [54], the photon
propagator is dressed by coupling to the vector mesons ρ0 and ω. In this regard, the
ρ0 − ω mixing mechanism [55, 56, 57] has been developed. Let A be the amplitude for
the decay B → ρ0(ω)M1 → π+π− M1, then one has,
A = 〈M1 π−π+|HT |B〉+ 〈M1 π−π+|HP |B〉 , (30)
with HT and HP being the Hamiltonians for the tree and penguin operators. Here M1
denotes a pseudo-scalar meson9. We can define the relative magnitude and phases between
these two contributions as follows,
A = 〈M1 π−π+|HT |B〉[1 + reiδeiφ] ,
A¯ = 〈M1 π+π−|HT |B¯〉[1 + reiδe−iφ] , (31)
where δ and φ are strong and weak phases, respectively. The phase φ arises from the
appropriate combination of CKM matrix elements. In case of b→ d or b→ s transitions,
φ is given by φ = arg[(VtbV
⋆
td)/(VubV
⋆
ud)] or arg[(VtbV
⋆
ts)/(VubV
⋆
us)], respectively. As a result,
sinφ is equal to sinα (sin γ) for b → d (b → s), with α (γ) defined in the standard
way [59]. sinφ (cosφ) therefore takes the following form in case of a b→ d transition,
sin φ =
η√(
ρ− (ρ2 + η2)(1− λ2
2
)
)2
+ η2
,
cosφ =
ρ− (ρ2 + η2)(1− λ2
2
)√(
ρ− (ρ2 + η2)(1− λ2
2
)
)2
+ η2
, (32)
9The same procedure holds for a vector meson, M1, see Ref. [58].
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and in case of a b→ s transition,
sinφ =
−η(1− λ2
2
)√(−λ2(ρ2 + η2)− ρ(1− λ2
2
)
)2
+
(
η2(1− λ2
2
)
)2 ,
cosφ =
−λ2(ρ2 + η2)− ρ(1− λ2
2
)√(−λ2(ρ2 + η2)− ρ(1− λ2
2
)
)2
+
(
η2(1− λ2
2
)
)2 . (33)
Regarding the parameter, r, it represents the absolute value of the ratio of tree and
penguin amplitudes:
r ≡
∣∣∣∣〈ρ0(ω)M1|HP |B〉〈ρ0(ω)M1|HT |B〉
∣∣∣∣ . (34)
With this mechanism (see Fig. 4), to first order in isospin violation, we have the following
results when the invariant mass of π+π− is near the ω resonance mass,
〈M1π−π+|HT |B〉 = gρ
sρsω
Π˜ρω(tω + t
a
ω) +
gρ
sρ
(tρ + t
a
ρ) ,
〈M1π−π+|HP |B〉 = gρ
sρsω
Π˜ρω(pω + p
a
ω) +
gρ
sρ
(pρ + p
a
ρ) . (35)
Here t
(a)
V (V = ρ or ω) is the tree (tree annihilation) amplitude and p
(a)
V the penguin
(penguin annihilation) amplitude for producing a vector meson, V , gρ is the coupling
for ρ0 → π+π−, Π˜ρω is the effective ρ − ω mixing amplitude, and sV is from the in-
verse propagator of the vector meson V , sV = s −m2V + imV ΓV (with
√
s the invariant
mass of the π+π− pair). We stress that the direct coupling ω → π+π− is effectively
absorbed into Π˜ρω [60, 61, 62, 63, 64], leading to the explicit s dependence of Π˜ρω.
Making the expansion Π˜ρω(s) = Π˜ρω(m
2
ω) + (s − m2w)Π˜′ρω(m2ω), the ρ0 − ω mixing pa-
rameters were determined in the fit of Gardner and O’Connell [65]: ℜe Π˜ρω(m2ω) =
−3500± 300 MeV2, ℑm Π˜ρω(m2ω) = −300± 300 MeV2, and Π˜′ρω(m2ω) = 0.03± 0.04. In
practice, the effect of the derivative term is negligible. From Eqs. (31, 35) one has,
reiδeiφ =
Π˜ρω(pω + p
a
ω) + sω(pρ + p
a
ρ)
Π˜ρω(tω + taω) + sω(tρ + t
a
ρ)
. (36)
Defining
pω + p
a
ω
tρ + taρ
≡ r′ei(δq+φ) , tω + t
a
ω
tρ + taρ
≡ αeiδα , pρ + p
a
ρ
pω + paω
≡ βeiδβ , (37)
where δα, δβ and δq are strong relative phases (absorptive part). Substituting Eq. (37)
into Eq. (36) one finds:
reiδ = r′eiδq
Π˜ρω + βe
iδβsω
sω + Π˜ρωαeiδα
. (38)
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Defining αeiδα = f + gi, βeiδβ = b+ ci and r′eiδq = d+ ei, Eq. (38) becomes,
reiδ =
C + iD
(s−m2ω + fℜe Π˜ρω − gℑm Π˜ρω)2 + (fℑm Π˜ρω + gℜe Π˜ρωmωΓω)2
, (39)
where C and D are given by:
C =
(
s−m2ω + fℜe Π˜ρω − gℑm Π˜ρω
){
d
[
ℜe Π˜ρω + b(s−m2ω)− cmωΓω
]
− e
[
ℑm Π˜ρω + bmωΓω + c(s−m2ω)
]}
+
(
fℑm Π˜ρω +mωΓω + gℜe Π˜ρω
){
e
[
ℜe Π˜ρω + b(s−m2ω)− cmωΓω
]
+ d
[
ℑm Π˜ρω + bmωΓω + c(s−m2ω)
]}
, (40)
and
D =
(
s−m2ω + fℜe Π˜ρω − gℑm Π˜ρω
){
e
[
ℜe Π˜ρω + d(s−m2ω)− cmωΓω
]
+ d
[
ℑm Π˜ρω + bmωΓω + c(s−m2ω)
]}
− (fℑm Π˜ρω +mωΓω + gℜe Π˜ρω)
{
d
[
ℜe Π˜ρω + b(s−m2ω)− cmωΓω
]
− e
[
ℑm Π˜ρω + bmωΓω + c(s−m2ω)
]}
. (41)
Knowing the ratio, r, and the strong phase, δ, from Eq. (38) as well as the weak phase, φ,
from the CKM matrix, it is therefore possible to calculate the CP violating asymmetry,
aCP , including the ρ
0 − ω mixing mechanism:
aCP ≡ |A|
2 − |A¯|2
|A|2 + |A¯|2 =
−2r sin δ sinφ
1 + 2r cos δ cos φ+ r2
. (42)
4.2 η − η′ mixing scheme
The evaluation of the decay constants for the pseudo-scalar mesons η and η′ is not trivial.
In this section, we recall briefly how the mixing η− η′ is taken into account, see Ref. [66]
for more details. The η − η′ mixing scheme requires the assumption that their decay
constants follow the pattern of particle state mixing. That is known as the Feldmann-
Kroll-Stech (FKS) mixing scheme [67, 68], where the axial U(1) anomaly is assumed to
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be the only effect that mixes the two flavor states |ηq〉 and |ηs〉. It is therefore possible to
relate the two flavor states to the physical state by the following transformation,(
|η〉
|η′〉
)
=
(
cosα − sinα
sinα cosα
)(
|ηq〉
|ηs〉
)
, (43)
where |η〉 and |η′〉 are the physical states and α the mixing angle in the flavor basis. Let
us now define the matrix elements of the flavor diagonal axial-vector and pseudo-scalar
densities in terms of decay constants, f iP and h
i
P , where i follows q or s:
〈P (q)|q¯γµγ5q|0〉 = − i√
2
f qP q
µ ,
〈P (q)|s¯γµγ5s|0〉 = −if sP qµ ,
2mq〈P (q)|s¯γ5s|0〉 = − i√
2
hqP ,
2ms〈P (q)|s¯γ5s|0〉 = −ihsP , (44)
where q is u or d. Assuming that the same angle, α, applies to the decay constants defined
previously, f iP and h
i
P , this yields:(
f qη (h
q
η) f
s
η (h
s
η)
f qη′(h
q
η′) f
s
η′(h
s
η′)
)
=
(
cosα − sinα
sinα cosα
)(
fq(hq) 0
0 fs(hs)
)
. (45)
The anomaly matrix element, aP , which is defined as
〈P (q)|αs
4π
GAµνG˜
A,µν |0〉 = aP , (46)
where GAµν is the dual field strength tensor, can be related to the parameters, f
i
P and h
q
i ,
through the following relation,
aP =
hqP − f qPm2P√
2
= hsP − f sPmsP , (47)
by taking the divergence of the axial vector current q¯γµγ5q. Therefore, the parameters
involved in the FKS scheme can be expressed in terms of three independent parameters,
fq, fs and the mixing angle α. They have been determined from a fit to experimental
data and their values are:
fq = (1.07± 0.02)fπ , fs = (1.34± 0.06)fπ , α = 39.3o ± 1.0o .
5 CKM matrix
In most phenomenological applications, the widely used CKM matrix parametrization is
the Wolfenstein parametrization [69, 70]. This has three main advantages in comparison
with the standard parametrization [71, 72]: it allows us to make an explicit hierarchy, in
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terms of strength couplings, between quarks; it allows us easier analytical derivation and
finally the four independent parameters, λ,A, ρ and η, can be (in)directly measured ex-
perimentally. This parametrization can also be described in a geometrical representation,
the so-called the unitarity triangle (UT), which offers another way to check effects of New
Physics.
By expanding each element of the CKM matrix as a power series in the parameter
λ = sin θc = 0.2224 (θc is the Gell-Mann-Levy-Cabibbo angle), one gets (if O(λ
4) is
neglected)
VˆCKM =


1− 1
2
λ2 λ Aλ3(ρ− iη)
−λ 1− 1
2
λ2 Aλ2
Aλ3(1− ρ− iη) −Aλ2 1

 , (48)
where η plays the well-known role of the CP -violating phase in the Standard Model
framework. However, it may be more accurate to go beyond the leading order in terms
of λ in a perturbative expansion of the CKM matrix. It was found that the CKM matrix
takes the following form (up to corrections of O(λ7)):
VˆCKM =

 1−
1
2
λ2 − 1
8
λ4 λ Aλ3(ρ− iη)
−λ+ 1
2
A2λ5(1− 2(ρ+ iη)) 1− 1
2
λ2 − 1
8
λ4(1 + 4A2) Aλ2
Aλ3(1− ρ¯− iη¯) −Aλ2 + 1
2
Aλ4(1− 2(ρ+ iη)) 1− 1
2
A2λ4

 ,
(49)
where
ρ¯ = ρ
(
1− λ
2
2
)
and η¯ = η
(
1− λ
2
2
)
. (50)
The corrections to the real and imaginary parts for the other terms can be safely neglected.
In our phenomenological application, we will take into account the above corrections to
Vij because some of them appear significant. Finally, due to the unitarity condition of
the CKM matrix,
Vˆ †CKM · VˆCKM = Iˆ = VˆCKM · Vˆ †CKM , (51)
which ensures the absence of flavour-changing neutral-current (FCNC) processes at the
tree level in the Standard Model, the most useful orthogonality relation in charmless B
decays is given by
VudV
∗
ub + VcdV
∗
cb + VtdV
∗
tb = 0 . (52)
The CKM matrix, expressed in terms of the Wolfenstein parameters, is constrained with
several experimental data. The main ones are the b→ ulν¯ and b→ clν¯ decay processes,
s and d mass oscillations, ∆ms,∆md, and CP violation in the kaon system (ǫK). In our
numerical applications we will take, in case of 68% confidence level [9],
0.122 < ρ < 0.232 and 0.334 < η < 0.414 , (53)
and in case of 95% confidence level [9],
0.076 < ρ < 0.380 and 0.280 < η < 0.455 . (54)
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The values for A and λ are assumed to be well determined experimentally [9]:
λ = 0.2265 and A = 0.801 . (55)
The angles α, β and γ (to the Unitarity Triangle) corresponding to the values mentioned
previously for A, λ, ρ and η are within the following limits (at 95% confidence level):
70 < α < 130 , 20 < β < 30 , 50 < γ < 70 . (56)
6 Input physical parameters
6.1 Quark masses
The running quark masses are used in order to calculate the matrix elements of penguin
operators as well as the chiral enhancement factors. The quark mass is taken at the scale
µ ≃ mb in B decays. Therefore one has [73] (in MeV),
mu = md = 3.7 , ms = 90 , mb = 4200 , mc = 1300 , (57)
which corresponds to ms(µ = 1 GeV) = 140 MeV. For meson masses, we shall use the
following values [59] (in GeV):
mB± = 5.279 , mB0 = 5.279 , mη = 0.515 ,
mK± = 0.493 , mK0 = 0.497 , mη′ = 0.983 ,
mπ± = 0.139 , mπ0 = 0.135 , mφ = 1.019 ,
mρ0 = 0.769 , mω = 0.782 , mK∗ = 0.894 .
6.2 Form factors and decay constants
The heavy(light)-to-light form factors, Fi(k
2) and Aj(k
2), depend on the inner structure
of the hadrons. Here we shall primarily adopt the values of form factors for the pseudo-
scalar to pseudo-scalar and pseudo-scalar to vector transitions obtained from QCD sum
rule calculations. Moreover, we will keep the form factors FB→πi and F
B→K
i unconstrained,
because of the large uncertainties entering into their calculation. In this way, the strong
dependence of the branching ratios, for the decays B → Xπ and B → XK, on the
form factors FB→πi and F
B→K
i will be analyzed. For the others, their values
10 are the
following [66, 74, 75, 76]:
AB→ρj = 0.37 , A
B→ω
j = 0.33 ,
AB→φj = 0.0 , A
B→K∗
j = 0.45 .
For the special case of FB→η
(′)
i , the form factor is parameterized as follows [66]:
FB→η
(′)
i (0) = F1
f qP
fπ
+ F2
√
2f qP + f
s
P√
3fπ
, (58)
10The uncertainties on these values are neglected in our approach.
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where F1 behaves like F
B→π
i (0) in the FKS scheme and F2 is taken to be around 0.1 [66].
The decay constants for pseudo-scalar, fP , and vector, fV , mesons do not suffer from
uncertainties as large as those for form factors since they are well determined experimen-
tally from leptonic and semi-leptonic decays. Let us first recall the usual definition for a
pseudo-scalar,
〈P (q)|q¯1γµγ5q2|0〉 = ifP qµ ,
(59)
with qµ being the momentum of the pseudo-scalar meson. For a vector meson,
c〈V (q)|q¯1γµq2|0〉 = fVmV ǫV , (60)
where mV and ǫV are respectively the mass and polarization vector of the vector meson,
and c is a constant depending on the given meson: c =
√
2 for the ρ and ω and c = 1
otherwise. Finally, the transverse decay constant, appearing in the chiral-enhanced factor,
is given by,
〈V (q)|q¯1σµνq2|0〉 = f⊥V (qµǫ∗ν − qνǫ∗µ) .
(61)
Numerically, in our calculations, for the decay constants we take (in MeV) [59, 66],
fπ = 131 , fB = 200 , fρ = 209 , fK = 160 , fφ = 221 , fω = 187 , f
∗
K = 218 , (62)
and for the transverse vector decay constants (in MeV) [66],
f⊥ρ = 150 , f
⊥
K∗ = 175 , f
⊥
ω = 150 , f
⊥
φ = 175 . (63)
Finally, for the total B decay width, ΓB(= 1/τB), we use the world average B life-time
values (combined results from ALEPH, CDF, DELPHI, L3, OPAL and SLD) [77, 78, 79]:
τB0 = 1.546± 0.021 ps ,
τB+ = 1.647± 0.021 ps . (64)
6.3 Light cone distribution amplitude
QCD factorization involves the light cone distribution amplitude (LCDA) of the mesons
where the leading twist (twist-2) and sub-leading twist (twist-3) distribution amplitudes
are taken into account. For a light pseudo-scalar meson the LCDA is defined as,
〈P (k)|q¯(z2)q(z1)|0〉 =
ifP
4
∫ 1
0
dx ei(xk·z2+x¯k·z1)
{
k/γ5ΦP (x)− µPγ5
[
ΦpP (x)− σµνkµzν
ΦσP (x)
6
]}
, (65)
where fP is a decay constant, µP is the chiral enhancement factor and z = z2 − z1.
ΦP (x),Φ
p
P (x) and Φ
σ
P (x) are the leading twist and sub-leading twist LCDA’s of the mesons,
respectively. All distributions are normalized to one. Neglecting three-particle distribu-
tions, such as quark-antiquark-gluon, it follows from the equations of motion that the
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asymptotic forms of the LCDA’s must be used for twist-three two particle distribution
amplitudes. They take the forms:
ΦpP (x) = 1, Φ
σ
P (x) = 6x(1− x) . (66)
However, by taking into account the higher order terms in the expansion involving Gegen-
bauer polynomials, the leading-twist light cone amplitude, ΦP (x), becomes:
ΦP (x) = 6x(1− x)
[
1 +
∞∑
n=1
αPn (µ)C
3/2
n (2x− 1)
]
, (67)
where αPn (µ) are the Gegenbauer moments that depend on the scale µ. C
3/2
n (u) are
coefficients given by C
3/2
1 (u) = 3u for n = 1 and C
3/2
2 (u) = (3/2)(5u
2 − 1) for n = 2.
Regarding the LCDAs of the vector mesons, the usual definitions applied here are,
〈0|q¯(0)σµνq(z)|V (k, λ)〉 = i(ǫλµkν − ǫλνkµ)f⊥V
∫ 1
0
dx e−ixk·zΦ⊥V (x) , (68)
〈0|q¯(0)γµq(z)|V (k, λ)〉 = kµ ǫ
λ·z
k·z fVmV
∫ 1
0
dx e−ixk·zΦ
‖
V (x) , (69)
where ǫ is the polarization vector. Φ⊥V (x) and Φ
‖
V (x) are the transverse and longitudinal
quark distributions of the polarized mesons. Assuming that the contributions from Φ⊥V (x)
are power suppressed, ΦV (x) takes the following form,
ΦV (x) = Φ
‖
V (x) = 6x(1− x) . (70)
Similarly to the LCDA for a light pseudo-scalar meson, the leading twist distribution
amplitude for a light vector meson is expanded in terms of Gegenbauer polynomials,
where αVn (µ) replaces α
P
n (µ). The sub-leading twist distribution amplitude, Φv(x), can
be written as follows when the three particle distribution is neglected:
Φv(x) = 3
∞∑
n=1
αvn,⊥(µ)Pn+1(2x− 1) , (71)
where Pn+1(x) are the Legendre polynomials defined such as P1(u) = u for n = 0,
P2(u) = (1/2)(3u
2 − 1) for n = 1 and P3(u) = (1/2)u(5u2 − 3) for n = 2. Concern-
ing the parameters, αvn,⊥(µ) and α
M
n (µ), appearing in the expansion of meson distribution
amplitudes in Gegenbauer polynomial forms, the values used for pseudo-scalar mesons
are [66],
απ1 = 0.0 , α
K
1 = 0.2 , α
η
1 = 0.0 , α
η′
1 = 0.0 ,
απ2 = 0.1 , α
K
2 = 0.1 , α
η
2 = 0.0 , α
η′
2 = 0.0 , (72)
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and for vector mesons [66],
αρ1 = 0.0 , α
ω
1 = 0.0 , α
K∗
1 = 0.2 , α
φ
1 = 0.0 ,
αρ2 = 0.1 , α
ω
2 = 0.0 , α
K∗
2 = 0.1 , α
φ
2 = 0.0 ,
αρ0,⊥ = 1.0 , α
ω
0,⊥ = 1.0 , α
K∗
0,⊥ = 1.0 , α
φ
0,⊥ = 1.0 ,
αρ1,⊥ = 0.0 , α
ω
1,⊥ = 0.0 , α
K∗
1,⊥ = 0.2 , α
φ
1,⊥ = 0.0 ,
αρ2,⊥ = 0.1 , α
ω
2,⊥ = 0.0 , α
K∗
2,⊥ = 0.1 , α
φ
2,⊥ = 0.0 . (73)
It has to be emphasized that the effects of the above parameters, αMn , are small enough
to support large uncertainties on their given values. Finally, Φv(x) and Φp(x) = (Φ
p
P (x))
exhibit unlikely endpoint divergences (for x = 0, 1) which enter into the calculation of the
hard spectator scattering kernels and weak annihilation contributions. These divergences
have been discussed in section 3.
7 Results and discussions
Assuming that the parameters such as decay constants, Gegenbauer parameters, quark
and meson masses, decay widths, involved in QCD factorization have been constrained
by independent studies, we concentrate our efforts on the analysis of the form factors,
FB→πi and F
B→K
i , the CKM matrix parameters, ρ and η, as well as the hard-scattering
(annihilation) phases, ϕMiH (ϕ
Mi
A ), and parameters, ̺
Mi
H (̺
Mi
A ), respectively. These phases,
ϕMiH,A, and parameters, ̺
Mi
H,A, arise in QCD factorization because of divergences coming
from the endpoint integrals when the hard scattering and annihilation contributions are
calculated. We recall that these divergences are parameterized by,
XMiH,A =
(
1 + ̺MiH,A e
iϕ
Mi
H,A
)
ln
mB
Λh
, with Λh = 0.5GeV , (74)
where we allow ̺MiH,A and ϕ
Mi
H,A to vary in the range of values [−3,+3] and [−1800,+1800],
respectively. The values of ̺MiH,A and ϕ
Mi
H,A are not universal, since the hard scattering
and annihilation contributions depend, for a given process, on the flavour of particles in
the final state. Therefore, each of the pseudo-scalar mesons, Mi, (π,K, η
(′)), and vector
mesons, M∗i , (ρ, ω,K
∗, φ), will have its own set of values for ̺MiH,A and ϕ
Mi
H,A.
We have calculated the branching ratios (listed below) for B decays into two mesons
in the final state. We have focused on the branching ratios of B decays including a
kaon(or a pion) and another meson. We also cross checked our results by analyzing the
branching ratios including a pion and a kaon in the final state. The determination of
our parameters is performed by making comparison with experimental and theoretical
results in order to obtain the best fit. We take into account all the latest data for
b → s and b → u transitions concentrating on the CLEO [80, 81, 82, 83, 84, 85, 86],
BABAR [86, 87, 88, 89, 90, 91, 92, 93, 94, 95] and BELLE [96, 97, 98, 99, 100, 101]
branching ratio results. The experimental CP violating measurements are not taken into
account in our analysis. We will first discuss the branching ratio results for the following
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B decay channels without a pion in the final state:
B− → ηK− , B¯0 → K¯0K0 , B¯0 → ηK¯0 , B¯0 → K−K+ ,
B− → η′K− , B− → K¯0ρ− , B¯0 → η′K¯0 , B− → K−ρ0 ,
B− → K−φ , B¯0 → K−ρ+ , B¯0 → K¯0φ , B¯0 → K¯0ρ0 ,
B− → K−K∗0 , B− → K−ω , B− → K−K0 , B¯0 → K¯0ω ,
B¯0 → K−K∗+ , B¯0 → K¯0K¯∗0 , B− → K∗−K0 , B¯0 → K∗−K+ ,
B¯0 → K¯∗0K0 , (75)
then the B decay channels without a kaon in the final state:
B− → π−ρ0 , B¯0 → π0φ , B− → π0ρ− , B− → π−K¯∗0 ,
B¯0 → π+ρ− , B− → π0K∗− , B¯0 → π−ρ+ , B¯0 → π+K∗− ,
B¯0 → π±ρ∓ , B¯0 → π0K¯∗0 , B¯0 → π0ρ0 , B− → π−π0 ,
B− → π−ω , B¯0 → π+π− , B¯0 → π0ω , B¯0 → π0π0 ,
B− → π−φ , B− → π−η , B¯0 → π0η , B− → π−η′ ,
B¯0 → π0η′ , (76)
then the B decay channels with a kaon and a pion in the final state:
B− → π0K− , B¯0 → π0K¯0 , B¯0 → π+K− , B− → π−K¯0 , (77)
then ratios of the B branching ratios including either a pion or a kaon in the final state:
τB
+
2τB0
[B¯0 → π+π−
B+ → π+π0
]
,
τB
0
τB+
[B− → π−π0
B¯0 → π0π0
]
,
[2B± → π0K±
B± → π±K¯0
]
,
τB
+
τB0
[B¯0 → π±K∓
B± → π±K¯0
]
,
[B¯0 → π∓K±
B¯0 → π0K¯0
]
,
τB
0
τB+
[B− → π−K¯∗0
B¯0 → π+K∗−
]
,
τB
0
τB+
[B− → K−φ
B¯0 → K¯0φ
]
,
τB
0
τB+
[B− → K−η′
B¯0 → K¯0η′
]
,
τB
0
τB+
[B− → K−ω
B¯0 → K¯0ω
]
,
τB
+
τB0
[B¯0 → π±ρ∓
B− → π−ρ0
]
. (78)
Finally, based on this previous analysis, we will investigate the CP violating asymmetries
for the B decay channels including ρ− ω mixing effects:
B¯0 → ρ0(ω)π0 → π+π−π0 ,
B¯0 → ρ0(ω)K¯0 → π+π−K¯0 ,
B− → ρ0(ω)π− → π+π−π− ,
B− → ρ0(ω)K− → π+π−K− . (79)
7.1 Branching ratios
The first step of our analysis is to fit the hard-scattering (annihilation) phases, ϕMiH (ϕ
Mi
A ),
and parameters, ̺MiH (̺
Mi
A ), in order to reproduce branching ratios for the decay channels
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B → Xπ and B → XK. We keep unconstrained the heavy to light transition form
factors, FB→π and FB→K , and we use for the other transition form factors, the numerical
values given in section 6. The latter form factors are usually given by the QCD sum rule
calculations. The second step uses our former results in order to show the dependence of
the branching ratios (for the B decay channels mentioned previously) on the CKM matrix
parameters, ρ and η, as well as on the form factors, FB→π and FB→K . A comparison
analysis is also made between the naive and QCD factorization approaches. In the case
of naive factorization, we will not include annihilation contributions. As a reminder, the
branching ratio definition11 is usually given by:
BR(B →M1M2) = τB
2παkmB
∣∣∣∣∣V TATM1,M2(a1, a2)− V PAPM1,M2(a3, · · · , a10)
∣∣∣∣∣
2
, (80)
where the quadratic term in the light meson mass is neglected. Regarding the branching
ratio of B → M1M2 decays with M1 ≡ ρ0, to the first order of isospin violation, it takes
the form:
BR(B → ρ0M2) = τB
2παkmB
∣∣∣∣∣
[
V TATρ0,M2(a1, a2)− V PAPρ0,M2(a3, · · · , a10)
]
+
[
V TATω,M2(a1, a2)− V PAPω,M2(a3, · · · , a10)
]
Π˜ρω
(sρ −m2ω) + imωΓω
∣∣∣∣∣
2
, (81)
with all usual definitions. αk holds for 8 or 16 according to the given decay.
All the experimental branching ratios for B decays are given in Tables 2, 3, 4 and 5
for B → XK, B → Xπ, B → πK and the ratios of BR(B → XK)/BR(B → Xπ),
respectively. All the theoretical branching ratios are plotted from Fig. 5 to Fig. 13 as
a function of the form factors, FB→π or FB→K . The variations of the branching ratios
with the CKM matrix parameters, ρ and η, are taken into account in our graphs. Finally,
in the case of the naive factorization, we use N effc = 3 for the effective parameter. The
reason is to clearly show the differences (the hard scattering spectator and annihilations
contributions) arising between the two factorization approaches, NF and QCDF.
7.1.1 B → Xpi with X = {ρ, ω, η(
′), pi,K∗, φ}
Let us start by analyzing the branching ratios of B decay channels B → Xπ where X
holds for the particles ρ, ω, η(
′), π,K∗ or φ. In Table 6, are listed the different values
for the hard-scattering (annihilation) phases, ϕMiH (ϕ
Mi
A ), and parameters, ̺
Mi
H (̺
Mi
A ). The
values are given for each of the following particles (Mi), ρ, ω, η
(′), π,K∗ and φ, and for
the minimal (set 2) and maximal (set 1) sets of CKM parameters ρ and η. All the
experimental results from the BELLE, BABAR and CLEO factories for B → Xπ decays
are listed in Tables 3 and 5. The theoretical branching ratios calculated with the NF and
QCDF factorizations are shown in Tables 7 and 8. The annihilation and hard scattering
spectator contributions are explicitly given in these tables.
11In Eq. (80) τB denotes either τ
B0 or τB
+
.
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For the decay channel12 B → ππ, our results are shown in Figs. 5 and 12. It appears
that there are no large discrepancies between the NF and QCDF approaches when the
form factor, FB→π, is within the range 0.24-0.35. Both frameworks yield agreement with
the experimental results given by the BELLE, BABAR and CLEO (BBC) measurements
as well as with the different experimental constraints for the CKM matrix parameters,
ρ and η when the form factor, FB→π, takes values within 0.24-0.34. We underline that
the strong dependence of the branching ratios for B → ππ on the form factor, FB→π,
provides an excellent test for the QCDF framework if we assume correct the value ob-
tained for the form factor, FB→π. The weak contribution of the annihilation terms does
not increase the dependence of these branching ratios on the CKM matrix parameters ρ
and η. The annihilation contribution is even equal to zero in the case of B− → π−π0.
Regarding the ratios of BR(B− → π−π0)/BR(B¯0 → π0π0) and BR(B¯0 → π+π−)/
BR(B− → π−π0), plotted in Fig. 12, NF and QCDF do not show any agreement. The
experimental and NF results only agree for a very limited set of values of the CKM matrix
parameters, ρ and η. A full agreement with the BBC results is found when the QCDF
approach is applied. Note as well that the dependence of these ratios on the form factor,
FB→π, vanishes with the NF approach but remains when QCDF is used because of the
inclusion of the annihilation terms.
For the B → πK∗ decay channel, our results are shown in Figs. 10 and 13. The
agreement between NF and QCDF appears only at values of the form factor, FB→π ≈
0.2 − 0.3, whereas for higher values of FB→π, NF predicts larger branching ratios than
QCDF. All the BBC experimental results coincide with the theoretical one coming from
QCDF when the values of FB→π are about 0.3. The sensitivity of the branching ratios
for the B → πK∗ decays to the CKM matrix parameters, ρ and η, is much stronger in
the case of QCDF than NF, because of the insertion of the annihilation term contribution
in the first approach. The strong dependence of the branching ratios on the form factor,
FB→π, arises either from the only presence of FB→π in the amplitude or from the term
α1F
B→π (color tree amplitude) when the form factor, AB→K
∗
0 is involved. Regarding
BR(B¯0 → π0K¯∗0) and BR(B− → π0K¯∗−), we estimate their magnitudes at 3.8×10−6 and
12× 10−6, respectively. These last values remain below the branching ratio upper limits
only given by the CLEO factory. For the ratio BR(B− → π−K¯∗0)/BR(B¯0 → π+K∗−), an
agreement is found between NF and QCDF for all values of FB→π but with the BELLE
data only. Our results do not agree with the CLEO ones. The NF approach (in contrast
with QCDF) provides a ratio which is independent of the form factor, FB→π, because of
the annihilation terms.
Next, we turn to the decay channel B → πρ, for which the results are shown in
Figs. 8 and 13. First, let us recall that B → πρ is governed by the tree topology.
Therefore it provides a direct access to the |Vub| and |Vud| CKM matrix elements. The
QCDF and NF frameworks do agree with each other for the branching ratios of B− →
π0ρ−, B¯0 → π+ρ−, B¯0 → π±ρ∓ and B¯0 → π−ρ+, whereas no agreement is observed for
B¯0 → π0ρ0, B− → ρ0π−. as well as for the ratio BR(B¯0 → ρ±π∓)/BR(B− → ρ0π−).
Experimental results provided by BBC coincide with the theoretical results if the form
factor, FB→π, takes values from 0.2 to 0.4, for B decaying into π0ρ−, π+ρ−, π∓ρ±. For the
12This notation stands for all of the different channels involving two pions. It will be used in a similar
way for the other decays.
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remaining decays, i.e. for π0ρ0, π−ρ+ and ρ0π−, the agreement between the BBC results
and our results are not so clear. Moreover, these branching ratios are weakly (or even
not at all) sensitive to the form factor, FB→π: this is either because of the form factor,
AB→ρ0 , in the amplitude or because the main contribution comes from the color power
suppressed tree diagram. We note as well a strong dependence of some branching ratios
(i.e. π−ρ+, ρ0π−) on the CKM matrix parameters, ρ and η. Such B decay channels are
usually required for constraining the CKM matrix because of their high sensitivity to the
parameters ρ and η. Finally, the theoretical ratio BR(B¯0 → ρ±π∓)/BR(B− → ρ0π−)
agrees with the BBC data for values of the form factor, FB→π, larger than 0.2.
In Fig. 9, is plotted the decay channel B → πω. The NF and QCDF frameworks
present similar results only for values of FB→π larger than 0.35 and 0.7 for the decays
π−ω and π0ω, respectively. Our results for π0ω are below the upper experimental limits
given by BBC. For π−ω, our results agree with the CLEO data in the case of QCDF and
with BELLE and BABAR if NF is used. The similar sensitivity of the branching ratio for
B → π−ω to the CKM parameters, ρ and η, when NF or QCDF are applied, comes from
the small effect of the annihilation contribution. However, this does not hold for the π0ω
decay. Our prediction for the branching ratio of π0ω is around 0.6 10−6.
Regarding the decay channel B → πφ, our results are shown in Fig. 12. First, let
us note that this channel gives one of the smallest branching ratio in B decays because
of the penguin dominant contribution. In fact, only the element, α3, (from QCD and
electroweak QCD penguin diagrams) contributes to the amplitude. Moreover, the NF
and QCDF approaches provide very different results for such decay channel since that
difference, in terms of magnitude, is of the order 103. This difference cannot result from
the annihilation term (they do not take part of the amplitude) but from the way of
computing the Wilson coefficients. Our theoretical predictions are 1.0 10−9 and 0.5 10−9
for B− → π−φ and B¯0 → π0φ.
The last decay channel analyzed in this section is B → πη(′). Our results have been
plotted in Figs. 6 and 7. We observe a global agreement between the NF and QCDF
factorizations for the four decays, π0η(′) and π−η(′). However, this agreement holds for
values of FB→π about 0.2-0.4 if π0η(′) whereas it holds for all possible values of FB→π if
π−η(′). In both cases, we have a good agreement between the experimental data given by
BBC and our results. For the branching ratios B¯0 → π0η and B¯0 → π0η′, our predictions
are 0.45 10−6 and 0.5 10−6, respectively. In regards to the branching ratio B0 → π−η′,
we obtained 8.1 10−6. Finally, we note that the decay channel B− → π−η(′) is a good
candidate for constraining and checking the CKM parameters, ρ and η, and the form
factor FB→π, respectively, because of its strong sensitivity to these parameters.
7.1.2 B → XK with X = {ρ, ω, η(
′),K,K∗, φ}
Now, let us focus on the branching ratios for B decay channels B → XK where X stands
for ρ, ω, η(
′), K,K∗ or φ. In Table 6, are listed the different values for the hard-scattering
(annihilation) phases, ϕMiH (ϕ
Mi
A ) and parameters, ̺
Mi
H (̺
Mi
A ). The values are given for
each of the following particles (Mi), ρ, ω, η
(′), K,K∗, φ and for the minimal (set 2) and
maximal (set 1) sets of values of the CKM parameters, ρ and η. All the experimental
results from the BBC factories for the B → XK decays are listed in Tables 2 and 5. The
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theoretical branching ratios calculated with the NF and QCDF factorizations are shown
for comparison in Tables 7 and 8 where the annihilation and hard scattering spectator
contributions are given explicitly.
For the decay channel B → KK, our results are shown in Fig. 5. We found no
agreement between the QCDF and NF approaches for all the branching ratios K¯0K0,
K−K+ and K−K0. All of our results do agree with the upper experimental limits given
by the BBC results. Our predictions for the branching ratios, K−K0, K−K+ and K¯0K0
are respectively 0.31 10−6, 0.2 10−6 and 0.27 10−6. It appears that these branching ratios
calculated with QCDF are smaller than those with NF because of the sizable contribution
of the annihilation terms. Moreover, in the case of B decaying into K−K+, the annihi-
lation contribution is the only one which participates in the amplitude. As a result, NF
gives a branching ratio equal to zero in the latter case. The same reason explains the
independence of this branching ratio on the form factor, FB→K . The dependence of these
branching ratios on the CKM parameters, ρ and η, as well as on the form factor, FB→K ,
is quite similar in both approaches, i.e. NF and QCDF.
Our results for the decay channel B → KK∗ are shown in Fig. 11. Unfortunately,
there are no available experimental results for these decays. Only one upper limit is given
by CLEO for the decay K−K∗0. Of the six ways for a B to decay into KK∗, only two
branching ratios, K−K∗0 and K¯0K∗0, allow one for an agreement between NF and QCDF.
However, this agreement holds only at low values of the form factor, FB→K , i.e. about 0.2-
0.25. For all the other cases, the NF and QCDF factorization give different branching ratio
results. We recall that B → KK∗ is only governed by the penguin topology. In the case
of the K−K∗+ and K∗−K+ decays, the magnitude of their branching ratios comes from
the annihilation contribution alone. That explains the independence of these branching
ratios on the form factor, FB→K , as well as the fact that NF gives magnitudes equal to
zero. Regarding the decays K∗−K0 andK−K∗0, there is a factor 102 and 101, respectively,
between the results obtained with NF and QCDF. The non sensitivity of these branching
ratios to the form factor, FB→K , arises from the only contribution of the form factor
FB→K
∗
in the amplitude. Because of the annihilation terms, a stronger dependence of the
branching ratios on the CKM parameters, ρ and η, is observed when QCDF is applied.
Finally, we predict the branching ratios for K¯0K∗0, K¯∗0K0, K−K∗+, K∗−K+, K−K∗0 and
K∗−K0 to be of the order 0.4 10−6, 0.75 10−6, 3.0 10−6, 0.6 10−6, 0.4 10−6 and 0.68 10−6,
respectively.
We have plotted in Fig. 9 the decay channel B → Kρ. Experimental results provided
by BBC are well reproduced and all of our results are below the upper limits given for
the branching ratio data. No strong agreement between NF and QCDF can be confirmed.
A weak (or even no) dependence of these branching ratios on the form factor, FB→K , is
observed. This is either due to the interference of the form factor, FB→K , with the form
factor AB→ρ0 (enhanced by a color-allowed tree diagram, α1) or the absence of the B → K
transition in the amplitude. We also note a stronger sensitivity of the branching ratios
to the CKM parameters, ρ and η, in the case where the annihilation terms are taken into
account. We conclude by giving our results regarding this channel: 5.8 10−6, 5.0 10−6 and
1.7 10−6 are respectively our predicted branching ratios for ρ0K¯0, ρ−K¯0 and ρ0K−.
Next, we consider the decay channel, B → Kω, for which the results are shown in
Fig. 10. As already the case for B → Kρ, no agreement between the NF and QCDF
26
frameworks is observed. However, the accurate experimental results given by the BBC
factories coincide with the branching ratios obtained with QCDF when the form factor,
FB→K , is in the range of values 0.2-0.45. The differences between the two frameworks come
from the contribution of the annihilation terms which strongly enhance the magnitude of
these branching ratios. The sensitivity to the CKM parameters, ρ and η, arises from the
annihilation contribution as well.
For the decay channel, B → Kφ, our results are shown in Fig. 12. The QCDF
factorization agrees with the overlap of experimental data for values of the form factor,
FB→K , equal to 0.2-0.5. We observe a very similar behaviour between the two decays,
K−φ and K¯0φ. The small difference only comes from the annihilation contribution. We
underline as well a better sensitivity to the CKM parameters, ρ and η, in the case where
QCDF is applied. The latter behaviour is still due to the annihilation term. Finally, we
note a strong dependence of the branching ratios on the form factor, FB→K . It may be a
good channel for checking the form factor, FB→K , if we assume correct the factorization
procedure or vice-versa. However, the magnitude of this decay channel remains very small
because it is dominated by penguin diagram.
The last decay channel which we investigate is B → Kη(′), for which our results are
shown in Figs. 7 and 13 . The decays K−η and K¯0η show good agreement between the
NF and QCDF approaches for almost all values of the form factor, FB→K , whereas the
decays K−η′ and K¯0η′ do not. The experimental branching ratios and theoretical results
agree with each other when the form factor, FB→K , is about 0.35 for Kη′ decays and
about 0.55 for Kη decays. We observe a stronger sensitivity of the branching ratios to
the CKM parameters when the QCDF factorization is used. It has to be noticed that the
decay channel Kη′ is an excellent candidate for the determination of both of the CKM
parameters, ρ and η, and the form factor, FB→K . This statement holds if the procedure
of factorization and the evaluation of the annihilation contribution are assumed to be
correct. Moreover, the last decay channel is one order of magnitude bigger than those
usually observed in B decays. That makes its determination easier and accurate results
are expected, thanks to the BBC factories. We also predict a branching ratio for the decay
K¯0η to be of the order 0.9 10−6. Finally, the ratio BR(B− → K−η′)/BR(B¯0 → K¯0η′)
shows an agreement between NF and QCDF at large values of the form factor, FB→K ,
only. However, QCDF agrees with the BELLE and BABAR data at values of FB→K
about 0.35. No agreement is found with CLEO.
7.1.3 B → piK
We conclude our analysis of branching ratios for B decay channels including a pion (or a
kaon) and another meson in the final state by turning to those where both the kaon and
pion are in the final state. The experimental results corresponding to the B → πK decays
are given in Tables 4 and 5. The theoretical branching ratios including the annihilation
and hard scattering spectator contributions are given for comparison in Table 8.
In Figs. 6 and 13 we show the results for the decay channel πK. We first observe a
different behaviour between the NF and QCDF approaches. This is due to the annihilation
contribution which strongly enhances these branching ratios. As a result, NF and QCDF
only coincide to each other for a small set of values of the form factors, FB→K , and FB→π,
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which are of the order 0.3-0.4. We note as well an excellent agreement between our results
and the branching ratio data provided by the BBC factories. The strong dependence of
the branching ratios for the decays πK on the CKM parameters, ρ and η, when QCDF is
applied, gives one the opportunity to efficiently constrain these latter parameters. At the
same time, it allows us to accurately model the annihilation contribution, since it arises in
the amplitude times a CKM matrix element VpbV
∗
pD (in the case of b→ d transition). We
finally underline that the sensitivity of this decay channel to the forms factors, FB→K , and
FB→π, contributes effectively to the tests of the procedure of factorization of B decaying
into two light mesons.
Regarding the ratios BR(B¯0 → π+K−)/BR(B¯0 → π0K¯0),BR(B− → π0K−)/BR(B−
→ π−K¯0) and BR(B¯0 → π+K−)/BR(B− → π−K¯0), no agreement between NF and
QCDF is found. This is not true for the latter ratio if the values of the form factor,
FB→π, are about 0.15-0.45. Our predictions for these ratios and those given by BBC do
reasonably agree. Finally, the ratios calculated within the NF framework do not depend
on form factor because of the omission of the annihilation terms, whereas they do when
QCDF is used.
Before going further in our analysis, let us draw the main conclusions of this analysis
of the branching ratios for B decay channels B → πX and B → KX where X =
ρ, ω, η(
′), π,K,K∗ and φ. We have calculated the branching ratios for B decays into
two mesons in the final state where we have made comparison with the NF and QCDF
frameworks. The results show that the form factors, FB→π and FB→K , are equal to 0.31±
0.12 and 0.37±0.13, respectively. At the same time, we have determined the four unknown
parameters used in QCDF by performing a fit to all of the branching ratio data provided
by the BBC facilities. We note that we did not take into account any CP violating
asymmetry experimental values, aexpCP , in our fit. These phases, ϕ
Mi
H,A, and parameters,
̺MiH,A are assumed, in our analysis, to be non universal regarding the mesons. It appears
that their determination is very sensitive to the values of the CKM parameters, ρ and
η, and unfortunately, at the present time, it is not possible to draw any firm conclusions
concerning this point. Let us note that the NF factorization gives, in first approximation,
the right order of magnitude of branching ratios in most of the cases. We have used
N effc = 3 for the effective parameter. This emphasizes the differences between NF and
QCDF since, in that case, the differences mainly come from the hard scattering spectator
as well as the annihilation terms. In most of the investigated cases, we observed a quite
good agreement between NF and QCDF if we restrict the transition form factors, FB→π or
FB→K , to the range of values 0.2-0.4. This common behaviour was expected because the
non factorizable terms are usually power suppressed corrections (see Eq. (19)). If we use
N effc = 2 for the effective parameter in NF, our results remain coherent with the previous
observation. However, the theoretical branching ratio results obtained by applying the
QCDF framework do provide better agreement with the BBC data. This is also due to the
annihilation term effects included only in the QCDF approach. It has to be emphasized
as well that the latter contribution takes importance if we analyze the dependence of
branching ratios on the CKM parameters ρ and η. Finally, over all the analyzed branching
ratios, some of them are more suitable for the analysis of the CKM matrix elements and
others for checking the factorization procedure if we assume correct the transition form
factors. Let us mention, B¯0 → π±ρ∓, B− → π0ρ−, and B− → π−π0, B¯0 → π+π−, K¯0 →
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K¯0η′, respectively. Regarding the effect of the annihilation contribution, the following B
decay channels are the most interesting since the amplitude of their branching ratios is only
proportional to the annihilation term: B¯0 → K−K+, B¯0 → K−K∗+ and B¯0 → K∗−K+.
7.2 CP violating asymmetry
Now, let us focus on the violation of CP symmetry. We concentrate our analysis on B
decays such as B → ρ0(ω)M2 → π+π−M2, whereM2 is either a pion or a kaon. It has been
shown in previous studies that the CP-violating asymmetry parameter, aCP , may be large
when the invariant mass π+π− is in the vicinity of the ω resonance. This enhancement is
known as ρ − ω mixing effect and we refer interested readers to Refs. [102, 103, 104] for
more details. In this last section, we are using all the parameters collected thanks to the
analysis of branching ratios of B decays.
In the application of the QCD factorization, we define, for practical reason, three
amplitudes, tu, pu and pc. We set the amplitudes as follows:
ABf = |A1|eiδ1+iφ1 + |A2|eiδ2+iφ2 + |A3|eiδ3+iφ3 ,
A¯Bf = |A¯1|eiδ1−iφ1 + |A¯2|eiδ2−iφ2 + |A¯3|eiδ3−iφ3 , (82)
where the first term refers to the “tree” contribution, A1 ≡ tu, instead of the remaining
terms define the “penguin” contributions with A2 ≡ pu, and A3 ≡ pc. In that case, the
CP violating asymmetry, aCP , takes the following form:
aCP ≡ |A|
2 − |A¯|2
|A|2 + |A¯|2 =
−2(r1 sin φ12 sin δ12 + r2 sinφ13 sin δ13 + r1r2 sin φ23 sin δ23)
1 + r21 + r
2
2 + 2(r1 cosφ12 cos δ12 + r2 cosφ13 cos δ13 + r1r2 cosφ23 cos δ23)
, (83)
where the convention for the used parameters is:
r1 =
∣∣∣∣A2A1
∣∣∣∣ , r2 =
∣∣∣∣A3A1
∣∣∣∣ , and φij = φi − φj , δij = δi − δj . (84)
The parameters, ri, and the phases, δij , are given by applying Eq. (38) whereas δ23 is
obtained from the ratio λup
u/λcp
c where λp = VpbV
∗
pD with D = d, s. Finally, the phases
φ13 = φ23 = arg[(VcbV
⋆
cd)/(VubV
⋆
ud)] for b→ d transition, φ13 = φ23 = arg[(VcbV ⋆cs)/(VubV ⋆us)]
for b → s transition and φ12 = 0 in both transitions. sin φ13 (cosφ13) takes the following
form in case of b→ d transition,
sinφ13 = sin φ23 =
−(λη − 1
2
A2λ5)√(
ηλ− A2λ5
2
)2
+
(
λρ+ 1
2
A2λ5(2η2 + ρ(−1 + 2ρ)))2 ,
cos φ13 = cos φ23 =
1
2
A2λ5(ρ− 2ρ2 − 2η2)− λρ√(
ηλ− A2λ5
2
)2
+
(
λρ+ 1
2
A2λ5(2η2 + ρ(−1 + 2ρ)))2 , (85)
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and in case of b→ s transition, sinφ13 (cosφ13) is given by:
sin φ13 = sin φ23 =
η√
ρ2 + η2
,
cosφ13 = cosφ23 =
ρ√
ρ2 + η2
. (86)
7.2.1 B → ρ0(ω)pi→ pi+pi−pi
We have investigated the CP violating asymmetry, aCP , for the B decays such as B →
ρ0(ω)π → π+π−π. In Fig. 14, we show the CP violating asymmetry for B− → ρ0(ω)π− →
π+π−π− and B¯0 → ρ0(ω)π0 → π+π−π0 respectively, as a function of the energy, √S,
of the two pions coming from ρ0 decay, the form factor, FB→π1 , and the CKM matrix
element parameters ρ and η. For comparison, on the same plot we show the CP violating
asymmetries, aCP , when NF is applied as well as QCDF where default values for the
phases, ϕMiH,A, and parameters, ̺
Mi
H,A are used. In the latter case, we take ϕ
Mi
H,A = 0 and
̺MiH,A = 1 for all the particles.
Focusing first on Fig. 14, where the asymmetry for B− → ρ0(ω)π− → π+π−π− is
plotted, we observe that the CP violating asymmetry parameter, aCP , can be large outside
the region where the invariant mass of the π+π− pair is in the vicinity of the ω resonance.
This is the first consequence of QCD factorization, since within this framework, the strong
phase can be generated not only by the ρ−ω mechanism but also by the Wilson coefficients.
We recall that the Wilson coefficients include all of the final state interactions at order
αs. This shows as well that the non factorizable contribution effects are important and
can modify the strong interaction phase. Because of the strong phase13 that is either at
the order of αs or power suppressed by ΛQCD/mb, the CP violating asymmetry, aCP , may
be small but a large asymmetry cannot be excluded.
At the ω resonance, the asymmetry parameter, aCP , for B
− → π+π−π−, is around
0% in our case. In comparison, the asymmetry parameter, aCP , (still at the ω resonance)
obtained by applying the naive factorization gives −10% whereas it gives −2% in case
of QCDF with default values for ϕMiH,A and ̺
Mi
H,A. The results are quite different between
these approaches because of the strong phase mentioned previously. On the same figure,
the asymmetry violating parameter, aCP , is shown for the decay B¯
0 → π+π−π0 as a
function of
√
S, the form factor, FB→π, and for one set of CKM parameters, ρ and η.
In the vicinity of the ω resonance, the QCDF approach gives an asymmetry of the order
−8%. We obtain −20% and +5% in the case of NF and QCDF with the default values
for ϕMiH,A and ̺
Mi
H,A.
It appears as well that the asymmetry depends strongly on the CKM matrix pa-
rameters ρ and η, as expected. When QCDF is applied, the asymmetry for the decay
B− → π+π−π−, varies from 12% to +5% outside the region of the ω resonance whereas
for the decay B¯0 → π+π−π0, the asymmetry varies from 10% down to −20%, depending
on the CKM matrix element parameters, ρ and η. In the vicinity of the ω resonance, the
asymmetry, aCP , takes values from −2% to 5% for B− → π+π−π− and from 5% to −30%
for B¯0 → π+π−π0 when ρ and η vary. In both decays, we note as well a dependence of
13In comparison with QCDF, pQCD predicts large strong phases and direct CP asymmetries.
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the asymmetry on the form factor, FB→π. This dependence reaches usually its maximum
when the asymmetry is given at the ω resonance. However, this dependence remains
under control because of the constraints obtained for their values by the analysis of B
branching ratios.
In Fig. 15, the ratio, ri, of penguin to tree amplitude for B → π+π−π is given as
a function of
√
S, the form factor FB→π and for one set of CKM parameter, ρ and η.
For both decays, i.e. B− → π+π−π− and B¯0 → π+π−π0 we observe similar results for
r1 = p
u/tu and r2 = p
c/tu. As is expected for dominant tree decays, the contribution
coming from the tree diagram, tu, is bigger than that one coming from the penguins, pu
or pc. Finally, as mentioned, one of the main reasons for the interest in ρ−ω mixing is to
provide an opportunity to remove the phase uncertainty mod(π) in the determination of
the CKM angle α in the case of b→ u transition. Knowing the sign of the CP violating
asymmetry at the ω resonance gives us the angle α without any ambiguity. In Fig. 15,
we present the evolution of sin δ12, sin δ13 and sin δ23 as a function of
√
S, the form factor
FB→π and for one set of CKM parameters ρ and η. In both decays, sin δij goes to a
maximum or a minimum when
√
S is in the vicinity of the ω resonance.
7.2.2 B → ρ0(ω)K → pi+pi−K
After the analysis of the CP asymmetry in B±,0 → ρ0(ω)π±,0 → π+π−π±,0, we conclude
our work by focusing on the asymmetry in B±,0 → π+π−K±,0. Plotted in Fig. 14 is the
direct CP violating asymmetry, aCP , for B
− → ρ0(ω)K− → π+π−K− and for B¯0 →
ρ0(ω)K¯0 → π+π−K¯0, as a function of √S, the form factor, FB→K , and for one set of
CKM parameters ρ and η.
For the decay B− → π+π−K−, the asymmetry, aCP , in the vicinity of the ω resonance,
is about +60% with QCDF, −40% with NF and −45% with QCDF and default values
for ϕMiH,A and ̺
Mi
H,A. For the decay B¯
0 → π+π−K¯0, when √S is near the ω resonance,
the asymmetry, aCP is about +70% with QCDF, −60% with NF and −15% with QCDF
and usual default values for ϕMiH,A and ̺
Mi
H,A. There is no agreement, for the value of the
asymmetry between the naive and QCD factorization at the ω resonance except that,
in both cases, the CP violating asymmetry, aCP reaches its maximum in the vicinity of
ω. Similar conclusions can be drawn to that of previous case regarding the sensitivity of
the asymmetry parameter, aCP , on the form factor, F
B→K , as well as the CKM matrix
element parameters, ρ and η. In Fig. 14, the ratio, ri, of penguin to tree amplitudes,
for B¯0 → ππK¯0 and B− → ππK− is plotted. We observe that the ratio r1 = pu/tu is
very small. This underlines the contribution of the tree diagram, tu, in comparison with
the penguin one, pu. We observe as well that the ratio r2 = p
c/tu is much bigger than
r1 = p
u/tu. This is due to an additional contribution of the c quark when the amplitude
for B¯0 → ωK¯0 and B− → ωK− are calculated (see Eqs. 138 and 139 in Appendix B).
As usual, we note that ρ − ω mixing strongly enhances the ratio, ri, at the ω resonance.
As we did for B decaying into πππ, we can remove the ambiguity for the determination
of the angle γ that arises from the conventional determination of sin 2γ in indirect CP
violation. In Fig. 15, sin δij , as a function of
√
S, the form factor, FB→K , and for one set
of CKM parameters, ρ and η, for B → ππK is shown. For both decays, sin δij , is large in
the vicinity of the ω resonance i.e. around 775−785 MeV. As for B → πππ, we note that
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the strong phase, δij, can remain large outside the region where the mass of the π
+π−
pair is in the vicinity of the ω resonance. This underlines the dynamical mechanism of
creating a strong phase not only at the ω resonance but for all values of
√
S.
From this analysis, it is clear that to take into account ρ−ω mixing in B decays such
as B → ρ(ω)Mi allows us to “amplify” the hadronic interaction near the ω resonance and
it provides an excellent test of the Standard Model through direct CP violation.
8 Summary and discussion
The calculation of the hadronic matrix elements that appear in the B decay amplitude is
non trivial. The main difficulty is to express the hadronic matrix elements which represent
the transition between the meson B and the final state. Non-leptonic B decay amplitudes
involve hadronic matrix elements 〈M1M2|Oi|B〉, built on four quark operators. In a first
approximation, this yields a product of two quark currents translated in terms of form
factor and decay constant: that gives the naive factorization. Radiative, non-factorizable
corrections coming from the light quark spectator of the B meson are included in QCD
factorization. In that case the main uncertainty comes from the O(ΛQCD/mB) terms. In
this paper, we first investigated in a phenomenological way, the dependence on the form
factors, FB→π and FB→K , of all the branching ratios for B decaying into B → πX or
B → KX , where X is either a pseudo-scalar (π,K, η(′)), or a vector (ρ, ω,K∗, φ) mesons.
We have investigated the branching ratios for B decays with two different methods:
the NF and QCDF frameworks have been applied in order to underline the differences
occurring between these two kinds of factorization. We observe that the NF factorization
gives, in first approximation, the right order of magnitude of branching ratios in most
of the cases. However, the theoretical branching ratio results obtained with QCDF do
provide better agreement with the BELLE, BABAR and CLEO experimental data. From
our analysis, it appears that the hard scattering spectator contribution is quite small
in regards to the annihilation effect. The annihilation contributions in B decays play
an important role since they contribute significantly to the magnitude of the amplitude.
The annihilation diagram contribution to the total decay amplitude may strongly modify
(in a positive or negative way) the total amplitude. Let us mention some decays such
as B¯0 → K−K+, B¯0 → K−K∗+ and B¯0 → K∗−K+. We emphasize as well that the
annihilation contribution cannot be neglected if we analyze the dependence of branching
ratios on the CKM parameters, ρ and η.
An analysis of more than 50 B decays shows that the transition form factors, FB→π
and FB→K , are respectively equal to 0.31±0.12 and 0.37±0.13, if one wants to reproduce
the experimental results. This statement assumes that the procedure of factorization is
accurate enough and it confirms the values of the form factors calculated within the QCD
sum-rule and light-cone frameworks.
We have determined the four unknown parameters, ϕMiH,A and ̺
Mi
H,A, used in QCDF by
performing a fit of all the branching ratios with all the experimental data provided by the
B-factories. These phases, ϕMiH,A, and parameters, ̺
Mi
H,A, are assumed, in our analysis, to
be non universal for mesons. It is obvious that their determination is very sensitive to two
quantities, at least: the experimental branching ratio data and the values of the CKM
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parameters, ρ and η. At the time being, it is not possible to draw any firm conclusions
concerning the values for the phases, ϕMiH,A, and parameters, ̺
Mi
H,A. A fine tuning requires
more accurate experimental data for branching ratios as well as more accurate CKM
matrix parameters ρ and η.
Finally, by analyzing the branching ratios, we find that some of them are more suitable
for the analysis of the CKM matrix elements, Vub, Vud, whereas others can be used for
checking the factorization procedure if we assume correct the values of the transition form
factors (or vice-versa): let us mention, B¯0 → π±ρ∓, B− → π0ρ−, and B− → π−π0, B¯0 →
π+π−, K¯0 → K¯0η′, respectively.
Next, we analysed the CP violating asymmetry parameter, aCP , for the B decays
B → ρ0(ω)π → π+π−π and B → ρ0(ω)π → π+π−K. This analysis was perfomed with
the QCD factorization and comparisons with the so-called naive factorization were also
made. We included ρ − ω mixing in order to investigate its effect on this CP violating
asymmetry. The mixing through isospin violation of an ω to ρ, which then decays into two
pions, allows us to obtain a difference of the strong phase reaching its maximum at the ω
resonance. ρ−ω mixing provides an opportunity to remove the phase uncertainty mod(π)
in the determination of two CKM angles, α in the case of B → ρπ and γ in the case of
B → ρK. This phase uncertainty usually arises from the conventional determination of
sin 2α or sin 2γ [105, 106] in indirect CP violation. We have observed large discrepancies
in our results regarding the asymmetry when NF, QCDF and QCDF with defauts values
are applied. In the naive factorization, the large strong phase only comes from ρ−ω mixing
that yields a large asymmetry at the ω resonance, as well as a very small asymmetry far
away from the ω resonance. In QCDF, the strong phase can be generated dynamically.
However, the mechanism suffers from end-point singularities which are not well controlled.
The determination of the parameters, ϕMiH,A, and ̺
Mi
H,A, for the hard scattering spectator
and annihilation contributions can only be achieved thanks to an analysis of B branching
ratios. However, this analysis requires accurate experimental data from the B-factories.
Unfortunately, too many B decay channels are still uncertain and therefore they do not
allow us to draw final conclusions about these crucial parameters ϕMiH,A, and ̺
Mi
H,A. It is
the reason why the CP violating asymmetry, calculated in QCDF, can vary so much
according to the values used for the four unknown parameters.
It is now apparent that the Cabibbo-Kobayashi-Maskawa matrix is the dominant
source of CP violation in flavour changing processes in B decays. The corrections to
this dominant source coming from beyond the Standard Model are not expected to be
large. In fact, the main remaining uncertainty is to deal with the procedure of factoriza-
tion. In many cases, naive factorization allows us to obtain the right order of magnitude
for the branching ratios in B decays, but fails in predicting large CP violating asymme-
tries if no particular mechanism (i.e. ρ − ω mixing) is adding to reproduce the strong
phase. The QCDF gives us an explicit picture of factorization in the heavy quark limit.
It takes into account all the leading contributions as well as subleading corrections to the
naive factorization. However, the end-point singularities arising in the treatment of the
hard scattering spectator and annihilation contributions do not make QCDF as predictive
as was expected. The soft collinear effective theory (SCET) has been proposed as a new
procedure for factorization. For more details see Refs. [27, 107, 108, 109, 110]. In the last
case, it allows one to formulate a collinear factorization theorem in terms of effective op-
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erators where new effective degrees of freedom are involved, in order to take into account
the collinear, soft and ultrasoft quarks and gluons. All of these investigations allow us
to increase our knowledge of B physics and to look for new physics beyond the Standard
Model.
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Appendix
A The annihilation amplitudes
A.1 The annihilation amplitudes for B→PV
Aa(B0→ρ+π−) = −iGF√
2
fBfπfρ
c∑
p=u
VpbV
∗
pd
{
δpub
p
1(π, ρ) + b
p
3(ρ, π) + b
p
4(ρ, π) + b
p
4(π, ρ)
− 1
2
bp,ew3 (ρ, π)−
1
2
bp,ew4 (ρ, π) + b
p,ew
4 (π, ρ)
}
, (87)
Aa(B0→π+ρ−) = −iGF√
2
fBfπfρ
c∑
p=u
VpbV
∗
pd
{
δpub
p
1(ρ, π) + b
p
3(π, ρ) + b
p
4(π, ρ) + b
p
4(ρ, π)
− 1
2
bp,ew3 (π, ρ)−
1
2
bp,ew4 (π, ρ) + b
p,ew
4 (ρ, π)
}
, (88)
Aa(B0→π0ρ0) = i GF
2
√
2
fBfπfρ
c∑
p=u
VpbV
∗
pd
{
− δpu(bp1(π, ρ)+ bp1(ρ, π))− bp3(π, ρ)−2bp4(π, ρ)
+
1
2
bp,ew3 (π, ρ)−
1
2
bp,ew4 (π, ρ)− bp3(ρ, π)− 2bp4(ρ, π) +
1
2
bp,ew3 (ρ, π)−
1
2
bp,ew4 (ρ, π)
}
, (89)
Aa(B−→π−ρ0) = −iGF
2
fBfπfρ
c∑
p=u
VpbV
∗
pd
{
δpu(b
p
2(ρ, π)− bp2(π, ρ))− bp3(π, ρ)
− bp,ew3 (π, ρ) + bp3(ρ, π) + bp,ew3 (ρ, π)
}
, (90)
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Aa(B−→ρ−π0) = −iGF
2
fBfπfρ
c∑
p=u
VpbV
∗
pd
{
δpu(b
p
2(π, ρ)− bp2(ρ, π))− bp3(ρ, π)
− bp,ew3 (ρ, π) + bp3(π, ρ) + bp,ew3 (π, ρ)
}
, (91)
Aa(B0→π0ω) = i GF
2
√
2
fBfπfω
c∑
p=u
VpbV
∗
pd
{
− δpu(bp1(π, ω) + bp1(ω, π)) + bp3(π, ω)
− 1
2
bp,ew3 (π, ω)−
3
2
bp,ew4 (π, ω) + b
p
3(ω, π)−
1
2
bp,ew3 (ω, π)−
3
2
bp,ew4 (ω, π)
}
, (92)
Aa(B−→π−ω) = −iGF
2
fBfπfω
c∑
p=u
VpbV
∗
pd
{
δpu(b
p
2(π, ω) + b
p
2(ω, π)) + b
p
3(π, ω)
+ bp,ew3 (π, ω) + b
p
3(ω, π) + b
p,ew
3 (ω, π)
}
, (93)
Aa(B0→ρ+K−) = −iGF√
2
fBfKfρ
c∑
p=u
VpbV
∗
ps
{
bp3(ρ,K)−
1
2
bp,ew3 (ρ,K)
}
, (94)
Aa(B0→ρ0K0) = −iGF
2
fBfKfρ
c∑
p=u
VpbV
∗
ps
{
− bp3(ρ,K) +
1
2
bp,ew3 (ρ,K)
}
, (95)
Aa(B−→ρ0K−) = −iGF
2
fBfKfρ
c∑
p=u
VpbV
∗
ps
{
δpub
p
2(ρ,K) + b
p
3(ρ,K) + b
p,ew
3 (ρ,K)
}
,
(96)
Aa(B−→ρ−K0) = −iGF√
2
fBfKfρ
c∑
p=u
VpbV
∗
ps
{
δpub
p
2(ρ,K) + b
p
3(ρ,K) + b
p,ew
3 (ρ,K)
}
,
(97)
Aa(B−→K−ω) = −iGF
2
fBfKfω
c∑
p=u
VpbV
∗
ps
{
bp3(ω,K) + b
p,ew
3 (ω,K)
}
, (98)
35
Aa(B0→K0ω) = −iGF
2
fBfKfω
c∑
p=u
VpbV
∗
ps
{
bp3(ω,K)−
1
2
bew3 (ω,K)
}
, (99)
Aa(B0→π+K∗−) = −iGF√
2
fBfπfK∗
c∑
p=u
VpbV
∗
ps
{
bp3(π,K
∗) − 1
2
bp,ew3 (π,K
∗)
}
,
(100)
Aa(B0→π0K∗0) = −iGF
2
fBfπfK∗
c∑
p=u
VpbV
∗
ps
{
− bp3(π,K∗) +
1
2
bp,ew3 (π,K
∗)
}
, (101)
Aa(B−→π−K∗0) = −iGF√
2
fBfπfK∗
c∑
p=u
VpbV
∗
ps
{
δpub
p
2(π,K
∗) + bp3(π,K
∗)
+ bp,ew3 (π,K
∗)
}
, (102)
Aa(B−→π0K∗−) = −iGF
2
fBfπfK∗
c∑
p=u
VpbV
∗
ps
{
δpub
p
2(π,K
∗) + bp3(π,K
∗)
+ bp,ew3 (π,K
∗)
}
, (103)
Aa(B−→K−K∗0) = −iGF√
2
fBfKfK∗
c∑
p=u
VpbV
∗
ps
{
δpub
p
2(K,K
∗) + bp3(K,K
∗)
+ bp,ew3 (K,K
∗)
}
, (104)
Aa(B0→K−K∗+) = −iGF√
2
fBfKfK∗
c∑
p=u
VpbV
∗
ps
{
δpub
p
1(K,K
∗) + bp4(K,K
∗)
+ bp,ew4 (K,K
∗) + bp4(K
∗, K)− 1
2
bp,ew4 (K
∗, K)
}
, (105)
Aa(B0→K0K∗0) = iGF√
2
fBfKfK∗
c∑
p=u
VpbV
∗
ps
{
bp3(K,K
∗) + bp4(K,K
∗)− 1
2
bp,ew3 (K,K
∗)
− 1
2
bp,ew4 (K,K
∗) + bp4(K
∗, K)− 1
2
bp,ew4 (K
∗, K)
}
, (106)
36
Aa(B−→K∗−K0) = −iGF√
2
fBfKfK∗
c∑
p=u
VpbV
∗
ps
{
δpub
p
2(K
∗, K) + bp3(K
∗, K)
+ bp,ew3 (K
∗, K)
}
, (107)
Aa(B0→K∗−K+) = −iGF√
2
fBfKfK∗
c∑
p=u
VpbV
∗
ps
{
δpub
p
1(K
∗, K) + bp4(K
∗, K)
+ bp,ew4 (K
∗, K) + bp4(K,K
∗)− 1
2
bp,ew4 (K,K
∗)
}
, (108)
Aa(B0→K∗0K0) = −iGF√
2
fBfKfK∗
c∑
p=u
VpbV
∗
ps
{
bp3(K
∗, K) + bp4(K
∗, K)
− 1
2
bp,ew3 (K
∗, K)− 1
2
bp,ew4 (K
∗, K) + bp4(K,K
∗)− 1
2
bp,ew4 (K,K
∗)
}
, (109)
Aa(B−→K−φ) = −iGF√
2
fBfKfφ
c∑
p=u
VpbV
∗
ps
{
bp3(K, φ) + b
p,ew
3 (K, φ)
}
, (110)
Aa(B0→K0φ) = −iGF√
2
fBfKfφ
c∑
p=u
VpbV
∗
ps
{
bp3(K, φ)−
1
2
bp,ew3 (K, φ)
}
, (111)
Aa(B−→π−φ) = Aa(B0→π0φ) = 0 . (112)
A.2 The annihilation amplitudes for B→PP
Aa(B0→π+π−) = iGF√
2
fBf
2
π
c∑
p=u
VpbV
∗
pd
{
δpub
p
1(π, π) + b
p
3(π, π) + 2b
p
4(π, π)
− 1
2
bp,ew3 (π, π) +
1
2
bp,ew4 (π, π)
}
, (113)
Aa(B0→π0π0) = −iGF√
2
fBf
2
π
c∑
p=u
VpbV
∗
pd
{
− δpubp1(π, π)− bp3(π, π)− 2bp4(π, π)
+
1
2
bp,ew3 (π, π)−
1
2
bp,ew4 (π, π)
}
, (114)
37
Aa(B−→π0π−) = 0 , (115)
Aa(B0→K0K0) = iGF√
2
fBf
2
K
c∑
p=u
VpbV
∗
ps
{
bp3(K,K) + b
p
4(K,K)−
1
2
bp,ew3 (K,K)
− 1
2
bp,ew4 (K,K) + b
p
4(K,K)−
1
2
bp,ew4 (K,K)
}
, (116)
Aa(B−→K−K0) = iGF√
2
fBf
2
K
c∑
p=u
VpbV
∗
ps
{
δpub
p
2(K,K) + b
p
3(K,K) + b
p,ew
3 (K,K)
}
,
(117)
Aa(B0→K−K+) = iGF√
2
fBf
2
K
c∑
p=u
VpbV
∗
ps
{
δpub
p
1(K,K) + b
p
4(K,K) + b
p,ew
4 (K,K)
+ bp4(K,K)−
1
2
bp,ew4 (K,K)
}
, (118)
Aa(B0→π+K−) = iGF√
2
fBfπfK
c∑
p=u
VpbV
∗
ps
{
bp3(π,K) −
1
2
bp,ew3 (π,K)
}
, (119)
Aa(B0→π0K0) = iGF
2
fBfπfK
c∑
p=u
VpbV
∗
ps
{
− bp3(π,K) +
1
2
bp,ew3 (π,K)
}
, (120)
Aa(B−→π0K−) = iGF
2
fBfπfK
c∑
p=u
VpbV
∗
ps
{
δpub
p
2(π,K) + b
p
3(π,K) + b
p,ew
3 (π,K)
}
,
(121)
Aa(B−→π−K0) = iGF√
2
fBfπfK
c∑
p=u
VpbV
∗
ps
{
δpub
p
2(π,K) + b
p
3(π,K) + b
p,ew
3 (π,K)
}
,
(122)
38
Aa(B0→π0η(′)) = −i GF
2
√
2
fBfπf
q
η(′)
c∑
p=u
VpbV
∗
ps
({
δpu(−bp1(π, η(′)q )− 2bpS1(π, η(′)q )
− bp1(η(′)q , π)) + bp3(π, η(′)q )−
1
2
bp,ew3 (π, η
(′)
q )−
3
2
bp4(π, η
(′)
q ) + 2b
p
S3(π, η
(′)
q )
− bp,ewS3 (π, η(′)q )− 3bp,ewS4 (π, η(′)q ) + bp3(η(′)q , π)−
1
2
bp,ew3 (η
(′)
q , π)−
3
2
bp4(η
(′)
q , π)
}
+
(√
2
f s
η(′)
f q
η(′)
){
− δpubpS1(π, η(′)s ) + bpS3(π, η(′)s )−
1
2
bp,ewS3 (π, η
(′)
s )−
3
2
bp,ewS4 (π, η
(′)
s )
})
,
(123)
Aa(B−→π−η(′)) = iGF
2
fBfπf
q
η(′)
c∑
p=u
VpbV
∗
ps
({
δpu(b
p
2(π, η
(′)
q ) + b
p
2(η
(′)
q , π) + 2b
p
S2(π, η
(′)
q ))
+ bp3(π, η
(′)
q ) + b
p,ew
3 (π, η
(′)
q ) + 2b
p
S3(π, η
(′)
q ) + 2b
p,ew
S3 (π, η
(′)
q ) + b
p
3(η
(′)
q , π) + b
p,ew
3 (η
(′)
q , π)
}
+
(
2√
2
f s
η(′)
f q
η(′)
){
δpub
p
S2(π, η
(′)
s ) + b
p
S3(π, η
(′)
s ) + b
p,ew
S3 (π, η
(′)
s )
})
, (124)
Aa(B0→K0η(′)) = iGF
2
fBfKf
q
η(′)
c∑
p=u
VpbV
∗
ps
({
2bpS3(K, η
(′)
q )− bp,ewS3 (K, η(′)q )
+ bp3(η
(′)
q , K)−
1
2
bp,ew3 (η
(′)
q , K)
}
+
(
2√
2
f s
η(′)
f q
η(′)
){
bp3(K, η
(′)
s )−
1
2
bp,ew3 (K, η
(′)
s )
+ bpS3(K, η
(′)
s )−
1
2
bp,ewS3 (K, η
(′)
s )
})
, (125)
Aa(B−→K−η(′)) = iGF
2
fBfKf
q
η(′)
c∑
p=u
VpbV
∗
ps
({
δpu(2b
p
S2(K, η
(′)
q ) + b
p
2(η
(′)
q , K))
+2bpS3(K, η
(′)
q )+2b
p,ew
S3 (K, η
(′)
q )+ b
p
3(η
(′)
q , K)+ b
p,ew
3 (η
(′)
q , K)
}
+
(
2√
2
f s
η(′)
f q
η(′)
){
δpu(b
p
2(K, η
(′)
s )
+ bpS2(K, η
(′)
s )) + b
p
3(K, η
(′)
s ) + b
p,ew
3 (K, η
(′)
s ) + b
p
S3(K, η
(′)
s ) + b
p,ew
S3 (K, η
(′)
s )
})
. (126)
All the singlet weak annihilation coefficients, bSi, appearing into the decay amplitude of
B → Xη(′) (with X = {π,K}) can be neglected in first approximation. Their expressions
can be found in Ref. [50].
39
B Amplitudes
B.1 The decay amplitudes for B → PV
We use the following definition for the αpi (M1,M2) parameters:
αp1(M1,M2) = a
p
1(M1,M2) ;
αp2(M1,M2) = a
p
2(M1,M2) ;
αp3(M1,M2) =
{
ap3(M1,M2)− ap5(M1,M2) ; if M1M2 = PP, V P ,
ap3(M1,M2) + a
p
5(M1,M2) ; if M1M2 = PV ,
αp4(M1,M2) =
{
ap4(M1,M2) + r
M2
χ a
p
6(M1,M2) ; if M1M2 = PP, PV ,
ap4(M1,M2)− rM2χ ap6(M1,M2) ; if M1M2 = V P ,
αp3,EW(M1,M2) =
{
ap9(M1,M2)− ap7(M1,M2) ; if M1M2 = PP, V P ,
ap9(M1,M2) + a
p
7(M1,M2) ; if M1M2 = PV ,
αp4,EW(M1,M2) =
{
ap10(M1,M2) + r
M2
χ a
p
8(M1,M2) ; if M1M2 = PP, PV ,
ap10(M1,M2)− rM2χ ap8(M1,M2) ; if M1M2 = V P ,
with rM2χ defined in section 3.2.
A(B0 → ρ+π−) = −iGF√
2
m2BfπA
B→ρ
0 (m
2
π)
c∑
p=u
VpbV
∗
pd
{
δpuα
p
1(ρ, π) + α
p
4(ρ, π)
+ αp,ew4 (ρ, π)
}
, (127)
A(B0 → π+ρ−) = −iGF√
2
m2BfρF
B→π
1 (m
2
ρ)
c∑
p=u
VpbV
∗
pd
{
δpuα
p
1(π, ρ) + α
p
4(π, ρ)
+ αp,ew4 (π, ρ)
}
, (128)
A(B0 → π0ρ0) = i GF
2
√
2
m2B
c∑
p=u
VpbV
∗
pd
(
fπA
B→ρ
0 (m
2
π)
{
δpuα
p
2(ρ, π)− αp4(ρ, π)
+
3
2
αp,ew3 (ρ, π) +
1
2
αp,ew4 (ρ, π)
}
+ fρF
B→π
1 (m
2
ρ)
{
δpuα
p
2(π, ρ)− αp4(π, ρ) +
3
2
αp,ew3 (π, ρ)
+
1
2
αp,ew4 (π, ρ)
})
, (129)
40
A(B− → π−ρ0) = −iGF
2
m2B
c∑
p=u
VpbV
∗
pd
(
fπA
B→ρ
0 (m
2
π)
{
δpuα
p
1(ρ, π) + α
p
4(ρ, π)
+αp,ew4 (ρ, π)
}
+ fρF
B→π
1 (m
2
ρ)
{
δpuα
p
2(π, ρ)−αp4(π, ρ)+
2
3
αp,ew3 (π, ρ)+
1
2
αp,ew4 (π, ρ)
})
,
(130)
A(B− → π0ρ−) = −iGF
2
m2B
c∑
p=u
VpbV
∗
pd
(
fπA
B→ρ
0 (m
2
π)
{
δpuα
p
2(ρ, π)− αp4(ρ, π)+
3
2
αp,ew3 (ρ, π) +
1
2
αp,ew4 (ρ, π)
}
+ fρF
B→π
1 (m
2
ρ)
{
δpuα
p
1(π, ρ) + α
p
4(π, ρ) + α
p,ew
4 (π, ρ)
})
,
(131)
A(B0 → π0ω) = i GF
2
√
2
m2B
c∑
p=u
VpbV
∗
pd
(
fπA
B→ω
0 (m
2
π)
{
− δpuαp2(ω, π) + αp4(ω, π)
+ αp,ew4 (ω, π)
}
+ fωF
B→π
1 (m
2
ω)
{
δpuα
p
2(π, ω) + 2α
p
3(π, ω) + α
p
4(π, ω) +
1
2
αp3(π, ω)
})
,
(132)
A(B− → π−ω) = −iGF
2
m2B
c∑
p=u
VpbV
∗
pd
(
fπA
B→ω
0 (m
2
π)
{
δpuα
p
1(ω, π) + α
p
4(ω, π)
+ αp,ew4 (ω, π)
}
+ fωF
B→π
1 (m
2
ω)
{
δpuα
p
2(π, ω) + 2α
p
3(π, ω) + α
p
4(π, ω) +
1
2
αp,ew3 (π, ω)
})
,
(133)
A(B0 → ρ+K−) = −iGF√
2
m2BfKA
B→ρ
0 (m
2
K)
c∑
p=u
VpbV
∗
ps
{
δpuα
p
1(ρ,K) + α
p
4(ρ,K)
+ αp,ew4 (ρ,K)
}
, (134)
A(B0 → ρ0K0) = −iGF
2
m2B
c∑
p=u
VpbV
∗
ps
(
fKA
B→ρ
0 (m
2
K)
{
− αp4(ρ,K) +
1
2
αp,ew4 (ρ,K)
}
+ fρF
B→K
1 (m
2
ρ)
{
δpuα
p
2(K, ρ) +
3
2
αp,ew3 (K, ρ)
})
, (135)
41
A(B− → ρ0K−) = −iGF
2
m2B
c∑
p=u
VpbV
∗
ps
(
fKA
B→ρ
0 (m
2
K)
{
δpuα1(ρ,K) + α
p
4(ρ,K)
+ αp,ew4 (ρ,K)
}
+ fρF
B→K
1 (m
2
ρ)
{
δpuα2(K, ρ) +
3
2
αp,ew3 (K, ρ)
})
, (136)
A(B− → ρ−K0) = −iGF√
2
m2BfKA
B→ρ
0 (m
2
K)
c∑
p=u
VpbV
∗
ps
{
αp4(ρ,K) −
1
2
αp,ew4 (ρ,K)
}
,
(137)
A(B− → K−ω) = −iGF
2
m2B
c∑
p=u
VpbV
∗
ps
(
fKA
B→ω
0 (m
2
K)
{
δpuα
p
1(ω,K) + α
p
4(ω,K)
+ αp,ew4 (ω,K)
}
+ fωF
B→K
1 (m
2
ω)
{
δpuα
p
2(K,ω) + 2α
p
3(K,ω) + δpc
1
2
αp,ew3 (K,ω)
})
,
(138)
A(B0 → K0ω) = −iGF
2
m2B
c∑
p=u
VpbV
∗
ps
(
fKA
B→ω
0 (m
2
K)
{
αp4(ω,K)−
1
2
αp,ew4 (ω,K)
}
+ fωF
B→K
1 (m
2
ω)
{
δpuα
p
2(K,ω) + 2α
p
3(K,ω) + δpc
1
2
αp,ew3 (K,ω)
})
, (139)
A(B0 → π+K∗−) = −iGF√
2
m2BfK∗F
B→π
1 (m
2
K∗)
c∑
p=u
VpbV
∗
ps
{
δpuα
p
1(π,K
∗) + αp4(π,K
∗)
+ αp,ew4 (π,K
∗)
}
, (140)
A(B0 → π0K¯∗0) = −iGF
2
m2B
c∑
p=u
VpbV
∗
ps
(
fK∗F
B→π
1 (m
2
K∗)
{
− αp4(π,K∗)
+
1
2
αp,ew4 (π,K
∗)
}
+ fπF
B→K∗
1 (m
2
π)
{
δpuα
p
2(K
∗, π) +
3
2
αp,ew3 (K
∗, π)
})
, (141)
A(B− → π−K∗0) = −iGF√
2
m2BfK∗F
B→π
1 (m
2
K∗)
c∑
p=u
VpbV
∗
ps
{
αp4(π,K
∗)
− 1
2
αp,ew4 (π,K
∗)
}
, (142)
42
A(B− → π0K∗−) = −iGF
2
m2B
c∑
p=u
VpbV
∗
ps
(
fπA
B→K∗
0 (m
2
π)
{
δpuα
p
2(K
∗, π)+
3
2
αp,ew3 (K
∗, π)
}
+ fK∗F
B→π
1 (m
2
K∗)
{
δpuα
p
1(π,K
∗) + αp4(π,K
∗) + αp,ew4 (π,K
∗)
})
, (143)
A(B− → K−K∗0) = A(B0 → K0K∗0) =
− iGF√
2
m2BfK∗F
B→K
1 (m
2
K∗)
c∑
p=u
VpbV
∗
ps
{
αp4(K,K
∗)− 1
2
αp,ew4 (K,K
∗)
}
, (144)
A(B¯0 → K−K∗+) = A(B¯0 → K∗−K+) = 0 , (145)
A(B− → K∗−K0) = A(B0 → K∗0K0) =
− iGF√
2
m2BfKA
B→K∗
0 (m
2
K)
c∑
p=u
VpbV
∗
ps
{
αp4(K
∗, K)− 1
2
αp,ew4 (K
∗, K)
}
, (146)
A(B− → K−φ) = A(B¯0 → K¯0φ) =
− iGF√
2
m2BfφF
B→K
1 (m
2
φ)
c∑
p=u
VpbV
∗
ps
{
αp3(K, φ) + α
p
4(K, φ)− δpc
1
2
αp,ew3 (K, φ)
}
, (147)
A(B− → π−φ) = −
√
2A(B0 → π0φ) =
− iGF√
2
m2BfφF
B→π
1 (m
2
φ)
c∑
p=u
VpbV
∗
ps
{
αp3(π, φ)−
1
2
αp,ew3 (π, φ)
}
, (148)
B.2 The decay amplitudes for B→PP
A(B¯0 → π+π−) = iGF√
2
fπF
B→π
0 (m
2
π)m
2
B
c∑
p=u
VpbV
∗
pd
{
δpuα
p
1(π, π) + α
p
4(π, π)
+ αp,ew4 (π, π)
}
, (149)
A(B¯0 → π0π0) = −iGF√
2
fπF
B→π
0 (m
2
π)m
2
B
c∑
p=u
VpbV
∗
pd
{
δpuα
p
2(π, π)− αp4(π, π)
+
3
2
αp,ew3 (π, π) +
1
2
αp,ew4 (π, π)
}
, (150)
43
A(B− → π−π0) = iGF
2
fπF
B→π
0 (m
2
π)m
2
B
c∑
p=u
VpbV
∗
pd
{
δpu(α
p
1(π, π) + α
p
2(π, π))
+
3
2
αp,ew4 (π, π) +
3
2
αp,ew3 (π, π)
}
, (151)
A(B¯0 → K0K0) = iGF√
2
fKF
B→K
0 (m
2
K)m
2
B
c∑
p=u
VpbV
∗
ps
{
αp4(K,K) −
1
2
αp,ew4 (K,K)
}
,
(152)
A(B− → K−K0) = iGF√
2
fKF
B→K
0 (m
2
K)m
2
B
c∑
p=u
VpbV
∗
ps
{
αp4(K,K) −
1
2
αp,ew4 (K,K)
}
,
(153)
A(B¯0 → K+ K−) = 0 , (154)
A(B¯0 → π+K−) = iGF√
2
fKF
B→π
0 (m
2
K)m
2
B
c∑
p=u
VpbV
∗
ps
{
δpuα
p
1(π,K)
+ αp4(π,K) + α
p,ew
4 (π,K)
}
, (155)
A(B¯0 → π¯0K0) = iGF
2
m2B
c∑
p=u
VpbV
∗
ps
(
fKF
B→π
0 (m
2
K)
{
− αp4(π,K) +
1
2
αp,ew4 (π,K)
}
+ fπF
B→K
0 (m
2
π)
{
δpuα
p
2(K, π) +
3
2
αp,ew3 (K, π)
})
, (156)
A(B− → π0K−) = iGF
2
m2B
c∑
p=u
VpbV
∗
ps
(
fKF
B→π
0 (m
2
K)
{
δpuα
p
1(π,K)
+ αp4(π,K) + α
p,ew
4 (π,K)
}
+ fπF
B→K
0 (m
2
π)
{
δpuα
p
2(K, π) +
3
2
αp,ew3 ((K, π)
})
, (157)
A(B− → π−K¯0) = iGF√
2
fKF
B→π
0 (m
2
K)m
2
B
c∑
p=u
VpbV
∗
ps
{
αp4(π,K) −
1
2
αp,ew4 (π,K)
}
,
(158)
44
A(B¯0 → π0η(′)) = −i GF
2
√
2
m2B
c∑
p=u
VpbV
∗
pd
(
f
η
(′)
q
FB→π0 (m
2
η
(′)
q
)
{
δpuα
p
2(π, η
(′)
q ) + 2α
p
3(π, η
(′)
q )
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Figure captions
• Fig. 1 Graphical representation of the QCD factorization formula.
• Fig. 2 Vertex corrections, (first row) and hard spectator scattering and penguin
corrections (second row) at the order αs.
• Fig. 3 Order αs corrections to the weak annihilation.
• Fig. 4 Inclusion of the ρ− ω mixing in B → ρ0M1 decay.
• Fig. 5 Branching ratios BR(B− → π−π0),BR(B¯0 → π+π−),BR(B¯0 → π0π0),
BR(B¯0 → K−K+),BR(B¯0 → K¯0K0),BR(B− → K−K0), as a function of CKM
matrix elements and form factors FB→π or FB→K .
• Fig. 6 Branching ratios BR(B− → π0K−),BR(B¯0 → π0K¯0),BR(B− → π−K¯0),
BR(B¯0 → π+K−),BR(B¯0 → π0η),BR(B¯0 → π0η′), as a function of CKM matrix
elements and form factors FB→π or FB→K .
• Fig. 7 Branching ratios BR(B− → π−η),BR(B− → π−η′),BR(B¯0 → K¯0η),
BR(B¯0 → K¯0η′),BR(B− → K−η),BR(B− → K−η′), as a function of CKM matrix
elements and form factors FB→π or FB→K .
• Fig. 8 Branching ratios BR(B¯0 → π−ρ+),BR(B¯0 → π+ρ−),BR(B¯0 → π0ρ0),
BR(B− → π−ρ0),BR(B− → π0ρ−),BR(B¯0 → ρ±π∓), as a function of CKM matrix
elements and form factor FB→π.
• Fig. 9 Branching ratios BR(B¯0 → π0ω),BR(B− → π−ω),BR(B¯0 → ρ+K−),
BR(B¯0 → ρ0K¯0),BR(B− → ρ0K−),BR(B− → ρ−K¯0), as a function of CKM
matrix elements and form factors FB→π or FB→K .
• Fig. 10 Branching ratios BR(B− → K−ω),BR(B¯0 → K¯0ω),BR(B¯0 → π+K∗−),
BR(B¯0 → π0K¯∗0),BR(B− → π−K¯∗0),BR(B− → π0K∗−), as a function of CKM
matrix elements and form factors FB→π or FB→K .
• Fig. 11 Branching ratios BR(B¯0 → K−K∗+),BR(B− → K−K∗0),BR(B¯0 →
K¯0K∗0),BR(B− → K∗−K0),BR(B¯0 → K∗−K+),BR(B¯0 → K¯∗0K0), as a func-
tion of CKM matrix elements and form factor FB→K .
• Fig. 12 Branching ratios BR(B− → K−φ),BR(B¯0 → K¯0φ),BR(B− → π−φ),
BR(B¯0 → π0φ),BR(B− → π−π0)/BR(B¯0 → π0π0),BR(B¯0 → π+π−)/2BR(B− →
π−π0), as a function of CKM matrix elements and form factors FB→π or FB→K .
• Fig. 13 Branching ratios for BR(B¯0 → π+K−)/BR(B¯0 → π0K¯0),BR(B¯0 → π+K−)
/BR(B− → π−K¯0), 2BR(B− → π0K−)/BR(B− → π−K¯0),BR(B− → π−K¯∗0)/
BR(B¯0 → π+K∗−),BR(B¯0 → ρ±π∓)/BR(B− → ρ0π−),BR(B− → K−η′)/
BR(B¯0 → K¯0η′), as a function of CKM matrix elements and form factors FB→π or
FB→K .
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• Fig. 14 CP violating asymmetry, aCP , as a function of
√
S, for B− → π+π−K−,
B¯0 → π+π−K¯0 for limiting values of the CKM matrix elements and for different
values of the form factor FB→K1 (m
2
ρ). CP violating asymmetry, aCP , as a function
of
√
S, for B− → π+π−π−, B¯0 → π+π−π0 for limiting values of the CKM matrix
elements and for different values of the form factor FB→π1 . The ratio of penguin
to tree amplitudes, ri, as a function of
√
S, for B− → π+π−K−, B¯0 → π+π−K¯0
for limiting values of the CKM matrix elements and for different values of the form
factor FB→K1 .
• Fig. 15 The ratio of penguin to tree amplitudes, ri, as a function of
√
S for B− →
π+π−π−, B¯0 → π+π−π0 for limiting values of the CKM matrix elements and for
different values of the form factor FB→K1 . sin δij, as a function of
√
S for B− →
π+π−K−, B¯0 → π+π−K¯0 for limiting values of the CKM matrix elements and for
different values of the form factor FB→K1 . sin δij, as a function of
√
S for B− →
π+π−π−, B¯0 → π+π−π0 for limiting values of the CKM matrix elements and for
different values of the form factor FB→π1 .
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Table captions
• Tab. 1 Upper table: Wilson coefficients Ci in the NDR scheme. Input parameters are
Λ
(5)
MS
= 0.225GeV, mt(mt) = 167GeV, mb(mb) = 4.2 GeV, MW = 80.4 GeV, α =
1/129, and sin2θW = 0.23. Lower table: Wilson coefficients Ci in naive factorization.
• Tab. 2 Experimental branching ratio data from the BELLE, CLEO and BABAR
B-factories for the B → KX channel where X stands for η(′), ω, φ, ρ and K(∗).
• Tab. 3 Experimental branching ratio data from the BELLE, CLEO and BABAR
B-factories for the B → πX channel where X stands for η(′), ω, φ, ρ, π and K∗.
• Tab. 4 Experimental branching ratio data from the BELLE, CLEO and BABAR
B-factories for the B → πK channel.
• Tab. 5 Experimental data from the BELLE, CLEO and BABAR B-factories for the
ratios between branching ratios involving pions (first case), pion and kaon (second
case), kaon and φ or η (third case) and kaon ω or pion ρ (fourth case).
• Tab. 6 Phases ϕMiA,H and parameters ̺MiA,H for the annihilation and hard-spectator
scattering contributions, respectively, for K,K∗, π, ρ, ω, η(′), φ and determined for
the B → KX and B → πX channels.
• Tab. 7 Theoretical branching ratios for the B → πX and B → KX channels where
X stands for η(′), ω, φ, ρ, π and K∗. Values are given for naive factorization, QCD
factorization, and annihilation and hard scattering spectator contributions.
• Tab. 8 Theoretical branching ratios for the B → KX channel and ratios between
B → KX and B → πX channels. Values are given for naive factorization, QCD
factorization, and annihilation and hard scattering spectator contributions.
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Figure 1: Graphical representation of the QCD factorization formula.
Figure 2: Vertex corrections, (first row) and hard spectator scattering and penguin cor-
rections (second row) at the order αs.
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Figure 3: Order αs corrections to the weak annihilation.
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Figure 4: Inclusion of the ρ− ω mixing in B → ρ0M1 decay.
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Figure 5: From top left-handed to bottom right-handed, branching ratios BR(B− →
π−π0),BR(B¯0 → π+π−),BR(B¯0 → π0π0),BR(B¯0 → K−K+),BR(B¯0 → K¯0K0),
BR(B− → K−K0), as a function of CKM matrix elements and form factors FB→π or
FB→K . Solid line(dotted line) for QCDF(NF) factorization and for limiting values of the
CKM matrix element parameters shown respectively at 68% (thin line) and 95% (thick
line) of confidence level. Notation: horizontal dotted lines: CLEO data; horizontal dashed
lines: BABAR data; horizontal dot-dashed lines: BELLE data.
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Figure 6: From top left-handed to bottom right-handed, branching ratios BR(B− →
π0K−),BR(B¯0 → π0K¯0),BR(B− → π−K¯0),BR(B¯0 → π+K−),BR(B¯0 → π0η),
BR(B¯0 → π0η′), as a function of CKM matrix elements and form factors FB→π or FB→K .
Solid line(dotted line) for QCDF(NF) factorization and for limiting values of the CKM
matrix element parameters shown respectively at 68% (thin line) and 95% (thick line) of
confidence level. Notation: horizontal dotted lines: CLEO data; horizontal dashed lines:
BABAR data; horizontal dot-dashed lines: BELLE data.
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Figure 7: From top left-handed to bottom right-handed, branching ratios BR(B− →
π−η),BR(B− → π−η′),BR(B¯0 → K¯0η),BR(B¯0 → K¯0η′),BR(B− → K−η),BR(B− →
K−η′), as a function of CKM matrix elements and form factors FB→π or FB→K . Solid
line(dotted line) for QCDF(NF) factorization and for limiting values of the CKM ma-
trix element parameters shown respectively at 68% (thin line) and 95% (thick line) of
confidence level. Notation: horizontal dotted lines: CLEO data; horizontal dashed lines:
BABAR data; horizontal dot-dashed lines: BELLE data.
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Figure 8: From top left-handed to bottom right-handed, branching ratios BR(B¯0 →
π−ρ+),BR(B¯0 → π+ρ−),BR(B¯0 → π0ρ0),BR(B− → π−ρ0),BR(B− → π0ρ−),
BR(B¯0 → ρ±π∓), as a function of CKM matrix elements and form factors FB→π or
FB→K . Solid line(dotted line) for QCDF(NF) factorization and for limiting values of the
CKM matrix element parameters shown respectively at 68% (thin line) and 95% (thick
line) of confidence level. Notation: horizontal dotted lines: CLEO data; horizontal dashed
lines: BABAR data; horizontal dot-dashed lines: BELLE data.
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Figure 9: From top left-handed to bottom right-handed, branching ratios BR(B¯0 →
π0ω),BR(B− → π−ω),BR(B¯0 → ρ+K−),BR(B¯0 → ρ0K¯0),BR(B− → ρ0K−),
BR(B− → ρ−K¯0), as a function of CKM matrix elements and form factors FB→π or
FB→K . Solid line(dotted line) for QCDF(NF) factorization and for limiting values of the
CKM matrix element parameters shown respectively at 68% (thin line) and 95% (thick
line) of confidence level. Notation: horizontal dotted lines: CLEO data; horizontal dashed
lines: BABAR data; horizontal dot-dashed lines: BELLE data.
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Figure 10: From top left-handed to bottom right-handed, branching ratios BR(B− →
K−ω),BR(B¯0 → K¯0ω),BR(B¯0 → π+K∗−),BR(B¯0 → π0K¯∗0),BR(B− → π−K¯∗0),
BR(B− → π0K∗−), as a function of CKM matrix elements and form factors FB→π or
FB→K . Solid line(dotted line) for QCDF(NF) factorization and for limiting values of the
CKM matrix element parameters shown respectively at 68% (thin line) and 95% (thick
line) of confidence level. Notation: horizontal dotted lines: CLEO data; horizontal dashed
lines: BABAR data; horizontal dot-dashed lines: BELLE data.
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Figure 11: From top left-handed to bottom right-handed, branching ratios BR(B¯0 →
K−K∗+),BR(B− → K−K∗0),BR(B¯0 → K¯0K∗0),BR(B− → K∗−K0),BR(B¯0 →
K∗−K+),BR(B¯0 → K¯∗0K0), as a function of CKM matrix elements and form factors
FB→π or FB→K . Solid line(dotted line) for QCDF(NF) factorization and for limiting val-
ues of the CKM matrix element parameters shown respectively at 68% (thin line) and 95%
(thick line) of confidence level. Notation: horizontal dotted lines: CLEO data; horizontal
dashed lines: BABAR data; horizontal dot-dashed lines: BELLE data.
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Figure 12: From top left-handed to bottom right-handed, branching ratios BR(B− →
K−φ),BR(B¯0 → K¯0φ),BR(B− → π−φ),BR(B¯0 → π0φ),BR(B− → π−π0)/BR(B¯0 →
π0π0),BR(B¯0 → π+π−)/2BR(B− → π−π0), as a function of CKM matrix elements and
form factors FB→π or FB→K . Solid line(dotted line) for QCDF(NF) factorization and for
limiting values of the CKM matrix element parameters shown respectively at 68% (thin
line) and 95% (thick line) of confidence level. Notation: horizontal dotted lines: CLEO
data; horizontal dashed lines: BABAR data; horizontal dot-dashed lines: BELLE data.
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Figure 13: From top left-handed to bottom right-handed, branching ratios for
BR(B¯0 → π+K−)/BR(B¯0 → π0K¯0),BR(B¯0 → π+K−)/BR(B− → π−K¯0), 2BR(B− →
π0K−)/BR(B− → π−K¯0),BR(B− → π−K¯∗0)/BR(B¯0 → π+K∗−),BR(B¯0 → ρ±π∓)/
BR(B− → ρ0π−),BR(B− → K−η′)/BR(B¯0 → K¯0η′), as a function of CKM matrix
elements and form factors FB→π or FB→K . Solid line(dotted line) for QCDF(NF) factor-
ization and for limiting values of the CKM matrix element parameters shown respectively
at 68% (thin line) and 95% (thick line) of confidence level. Notation: horizontal dotted
lines: CLEO data; horizontal dashed lines: BABAR data; horizontal dot-dashed lines:
BELLE data.
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Figure 14: First row, CP violating asymmetry, aCP , for B
− → π+π−K−, B¯0 → π+π−K¯0
for max CKM matrix elements. Solid line (dotted line) for QCDF, dot-dot-dashed line
(dot-dash-dashed line) for NF, dot-dashed line (dashed line) for QCDF with default values
and for FB→K = 0.35(0.42). Second row, CP violating asymmetry, aCP , for B
− →
π+π−π−, B¯0 → π+π−π0, for max CKM matrix elements. Same notation for lines as in
first row with FB→π = 0.27(0.35). Last row, the ratio of penguin to tree amplitudes, ri,
for B → ππK, for max CKM matrix elements. Solid line (dotted line) for r1 = pu/tu,
dashed line (dot-dashed line) for r2 = p
c/tu and for FB→K = 0.35(0.42). All the figures
are given as a function of
√
S.
67
760 765 770 775 780 785 790 795 800
√S (MeV)
0
0.02
0.04
0.06
0.08
0.1
ra
tio
 r i
 
fo
r  
B 
−
→
pi
+
pi
−
pi
−
760 765 770 775 780 785 790 795 800
√S (MeV)
0
0.02
0.04
0.06
0.08
0.1
ra
tio
 r i
 
fo
r B
0 →
pi
+
pi
−
pi
0
760 765 770 775 780 785 790 795 800
√S (MeV)
-1
-0.8
-0.6
-0.4
-0.2
0
sin
 δ i
j ( 
B 
−
→
pi
+
pi
−
Κ
−
)
760 765 770 775 780 785 790 795 800
√S (MeV)
-1
-0.8
-0.6
-0.4
-0.2
0
sin
 δ i
j ( 
B
0 →
pi
+
pi
−
Κ
0 )
760 765 770 775 780 785 790 795 800
√S (MeV)
-0.4
-0.2
0
0.2
0.4
0.6
0.8
1
sin
 δ i
j ( 
B
−
→
pi
+
pi
−
pi
−
)
760 765 770 775 780 785 790 795 800
√S (MeV)
-1
-0.8
-0.6
-0.4
-0.2
0
0.2
0.4
sin
 δ i
j ( 
B
0 →
pi
+
pi
−
pi
0 )
Figure 15: First row, the ratio of penguin to tree amplitudes, ri, for B → πππ, for max
CKM matrix elements. Solid line (dotted line) for r1 = p
u/tu, dashed line (dot-dashed
line) for r2 = p
c/tu and for FB→π = 0.27(0.35). Second and last row, solid line (dotted
line) for sin δ12, dot-dot-dashed line (dot-dash-dashed line) for sin δ23, and dashed line
(dot-dashed line) for sin δ13 for F
B→K = 0.35(0.42) or FB→π = 0.27(0.35) according to
the given decay. All the figures are given as a function of
√
S.
68
NLO C1 C2 C3 C4 C5 C6
µ = mb 1.081 -0.190 0.014 -0.036 0.009 -0.0042
NLO C7/α C8/α C9/α C10/α
µ = mb -0.011 0.060 -1.254 0.223
LO Ceff7γ C
eff
8g
-0.318 -0.151
NLO C1 C2 C3 C4 C5 C6
µ = mb 1.150 -0.312 0.017 0.037 0.0104 -0.0045
NLO C7/α C8/α C9/α C10/α
µ = mb -0.00135 0.049 -1.302 0.252
Table 1: Upper table: Wilson coefficients Ci in the NDR scheme. Input parameters are
Λ
(5)
MS
= 0.225GeV, mt(mt) = 167GeV, mb(mb) = 4.2GeV, MW = 80.4GeV, α = 1/129,
and sin2θW = 0.23. Lower table: Wilson coefficients Ci in naive factorization.
Mode BABAR BELLE CLEO
B− → ηK− 2.8+0.8−0.7 ± 0.2 5.3+1.8−1.5 ± 0.6 2.2+2.8−2.2
B¯0 → ηK¯0 2.6+0.9−0.8 ± 0.2 < 12 < 9.3
B− → η′K− 76.9± 3.5± 4.4 78± 6± 9 80+10− 9 ± 7
B¯0 → η′K¯0 55.4± 5.2± 4.0 68± 10+9−8 89+18−16 ± 9
B− → K−φ 10.0+0.9−0.8 ± 0.5 9.4± 1.1± 0.7 5.5+2.1−1.8 ± 0.6
B¯0 → K¯0φ 7.6+1.3−1.2 ± 0.5 9.0+2.2−1.8 ± 0.7 5.4+3.7−2.7 ± 0.7
B− → K−K∗0 — — < 5.3
B− → K−K0 < 2.2 < 3.4 < 3.3
B¯0 → K¯0K0 < 1.6 < 3.2 < 3.3
B¯0 → K−K+ < 0.6 < 0.7 < 0.8
B− → K¯0ρ− — — < 48
B− → K−ρ0 < 6.2 < 12 < 17
B¯0 → K−ρ+ 7.3+1.3−1.2 ± 1.3 15.1+3.4+1.4−3.3−1.5 16.0+7.6−6.4 ± 2.8
B¯0 → K¯0ρ0 — < 12 < 39
B− → K−ω 5.0± 1.0± 0.4 6.7+1.3−1.2 ± 0.6 3.2+2.4−1.9 ± 0.8
B¯0 → K¯0ω 5.3+1.4−1.2 ± 0.5 4.0+1.9−1.6 ± 0.5 10.0+5.4−4.2 ± 1.4
Table 2: Experimental branching ratio data (in units of 10−6) from the BELLE, CLEO
and BABAR B-factories for the B → KX channel where X stands for η(′), ω, φ, ρ and
K(∗).
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Mode BABAR BELLE CLEO
B− → π−ρ0 9.3+1.0−1.0 ± 0.8 8.0+2.3−2.0 ± 0.7 10.4+3.3−3.4 ± 2.1
B− → π0ρ− 11.0+1.9−1.9 ± 1.9 — < 43
B¯0 → π+ρ− 13.9± 2.7 — —
B¯0 → π−ρ+ 8.9± 2.5 — —
B¯0 → π±ρ∓ 22.6+1.8−1.8 ± 2.2 29.1+5.0−4.9 ± 4.0 27.6+8.4−7.4 ± 4.2
B¯0 → π0ρ0 < 2.5 6.0+2.9−2.3 ± 1.2 < 5.5
B− → π−ω 5.4+1.0−1.0 ± 0.5 5.7+1.4−1.3 ± 0.6 11.3+3.3−2.9 ± 1.4
B¯0 → π0ω < 3 < 1.9 < 5.5
B− → π−φ < 0.41 — < 5
B¯0 → π0φ — — < 5
B− → π−K¯∗0 15.5± 1.8+1.5−3.2 19.4+4.2+2.1−3.9−2.1 7.6+3.5−3.0 ± 1.6
B− → π0K∗− — — < 31
B¯0 → π+K∗− — 14.8+4.6+1.5−4.4−1.0 16+6−5 ± 2
B¯0 → π0K¯∗0 — — < 3.6
B− → π−π0 5.5+1.0−0.9 ± 0.6 5.3+1.3−1.3 ± 0.5 4.6+1.8+0.6−1.6−0.7
B¯0 → π+π− 4.7+0.6−0.6 ± 0.2 4.4+0.6−0.6 ± 0.3 4.5+1.4+0.5−1.2−0.4
B¯0 → π0π0 1.6+0.7+0.6−0.6−0.3 1.8+1.4+0.5−1.3−0.7 —
B− → π−η 4.2+1.0−0.9 ± 0.3 5.2+2.0−1.7 ± 0.6 1.2+2.8−1.2 (< 5.7)
B¯0 → π0η — — < 2.9
B− → π−η′ < 12 < 7 < 12
B¯0 → π0η′ — — < 5.7
Table 3: Experimental branching ratio data (in units of 10−6) from the BELLE, CLEO
and BABAR B-factories for the B → πX channel where X stands for η(′), ω, φ, ρ, π and
K∗.
Mode BABAR BELLE CLEO
B− → π−K¯0 20.0± 1.6± 1.0 22.0± 1.9± 1.1 18.8+3.7+2.1−3.3−1.8
B− → π0K− 12.8+1.2−1.1 ± 1.0 12.8± 1.4+1.4−1.0 12.9+2.4+1.2−2.2−1.1
B¯0 → π+K− 17.9± 0.9± 0.7 18.5± 1.0± 0.7 18.0+2.3+1.2−2.1−0.9
B¯0 → π0K¯0 10.4± 1.5± 0.8 12.6± 2.4± 1.4 12.8+4.0+1.7−3.3−1.4
Table 4: Experimental branching ratio data (in units of 10−6) from the BELLE, CLEO
and BABAR B-factories for the B → πK channel.
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Mode BABAR BELLE CLEO
τB
+
2τB0
[
B0→π+π−
B+→π+π0
]
0.46± 0.11 0.44± 0.14 0.52± 0.26
τB
0
τB+
[
B−→π−π0
B0→π0π0
]
3.16± 1.68 2.71± 2.38 −−−[
2B±→π0K±
B±→π±K0
]
1.28± 0.18 1.16± 0.20 1.36± 0.40
τB
+
τB0
[
B0→π±K∓
B±→π±K0
]
0.94± 0.20 0.91± 0.10 1.02± 0.25[
B0→π∓K±
B0→π0K0
]
1.72± 0.44 1.46± 0.34 1.40± 0.44
τB
0
τB+
[
B−→π−K¯∗0
B0→π+K∗−
]
−−− 1.21± 0.58 0.44± 0.25
τB
0
τB+
[
B−→K−φ
B0→K¯0φ
]
1.21± 0.24 0.95± 0.26 0.93± 0.66
τB
0
τB+
[
B−→K−η′
B0→K¯0η′
]
1.38± 0.15 1.14± 0.24 0.89± 0.20
τB
0
τB+
[
B−→K−ω
B0→K¯0ω
]
0.86± 0.29 1.53± 0.75 0.29± 0.26
τB
+
τB0
[
B0→π±ρ∓
B−→π−ρ0
]
2.63± 0.47 3.93± 1.37 2.87± 1.52
Table 5: Experimental data from the BELLE, CLEO and BABAR B-factories for the
ratios between branching ratios involving pions (first case), pion and kaon (second case),
kaon and φ or η (third case) and kaon ω or pion ρ (fourth case).
Meson set1 set2
̺H ϕH ̺A ϕA ̺H ϕH ̺A ϕA
K ≡ π 1.14 -0.75 2.94 2.38 2.58 0.12 -1.74 1.62
K∗ 2.82 -1.76 -0.66 1.12 2.94 -2.01 0.90 1.62
ρ 2.94 2.13 0.18 2.63 2.94 -2.64 0.42 -2.89
ω 1.26 0.62 -0.78 -2.14 2.10 0.37 1.50 -2.26
η ≡ η′ 2.94 2.46 2.94 -2.01 2.58 -0.88 -2.82 -1.26
φ 1.00 0.707 -2.82 -2.26 1.00 0.707 +0.66 0.49
Table 6: Phases (given in radian) ϕA,H and parameters ̺A,H for the annihilation and hard-
spectator scattering contributions, respectively, for K,K∗, π, ρ, ω, η(′), φ and determined
for the B → KX and B → πX channels. Set1 and set2 correspond to the maximal and
minimal values taken by the CKM parameters ρ and η.
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Mode 〈Exp. BR.〉 BR.NF BR.QCDF BR.QCDF,w.a. BR.QCDF,w.h.
B− → π−ρ0 9.2 12.3 19.2 20.9 10.8
B− → π0ρ− 11.0 21.2 12.1 12.7 11.2
B¯0 → π+ρ− 13.9 36.6 15.8 17.2 16.1
B¯0 → π−ρ+ 8.9 19.9 18.0 19.8 19.6
B¯0 → π±ρ∓ 26.4 28.3 23.9 26.2 25.6
B¯0 → π0ρ0 4.6 0.15 1.8 1.0 0.4
B− → π−ω 7.4 9.4 14.6 14.5 8.4
B¯0 → π0ω < 3.4 1.3 10−2 0.5 0.31 5.4 10−2
B− → π−φ < 2.7 1.6 10−7 5.3 10−4 5.3 10−4 3.2 10−5
B¯0 → π0φ < 5.0 7.5 10−7 2.5 10−4 2.45 10−4 1.4 10−5
B− → π−K¯∗0 14.1 18.7 13.9 2.9 15.8
B− → π0K∗− < 31 11.0 11.5 3.5 10.2
B¯0 → π+K∗− 15.4 15.9 14.4 2.7 14.9
B¯0 → π0K¯∗0 < 3.6 6.5 3.5 0.25 5.1
B− → π−π0 5.1 3.9 5.5 5.5 3.6
B¯0 → π+π− 4.6 7.8 5.1 6.6 5.6
B¯0 → π0π0 1.7 2.9 1.8 5.2 0.7
B− → π−η 3.5 7.4 7.1 7.4 5.4
B¯0 → π0η < 2.9 0.6 0.43 0.2 0.6
B− → π−η′ < 10.3 9.9 9.5 10.1 6.6
B¯0 → π0η′ < 5.7 0.7 0.5 0.25 0.7
B− → ηK− 3.4 2.0 2.3 0.7 3.45
B¯0 → ηK¯0 < 7.9 1.1 1.55 0.3 2.4
B− → η′K− 78.3 61.3 91.2 37.8 71.2
B¯0 → η′K¯0 70.8 44.0 75.1 32.5 52.0
B− → K−φ 8.3 24.2 8.9 3.7 7.4
B¯0 → K¯0φ 7.3 26.2 7.2 3.2 6.1
B− → K−K∗0 < 5.3 1.0 0.35 9.6 10−2 0.39
B¯0 → K−K∗+ −−− 0.0 2.3 10−2 0.0 2.1 10−2
B¯0 → K¯0K∗0 −−− 1.0 0.31 9.6 10−2 0.36
B− → K∗−K0 −−− 3.2 10−2 0.9 4.2 10−2 0.9
B¯0 → K∗−K+ −−− 0.0 0.75 0.0 0.7
B¯0 → K¯∗0K0 −−− 3.2 10−2 0.60 4.2 10−2 0.66
Table 7: Theoretical branching ratios (in units of 10−6) for the B → πX (top) and
B → KX (bottom) channels where X stands for η(′), ω, φ, ρ, π and K∗. Values are
given for naive factorization, BRNF , QCD factorization, BRQCDF , without annihilation
contribution, BRQCDF,w.a., without hard scattering spectator contribution, BRQCDF,w.h.,
and for an average value of the form factors and CKM matrix elements.
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Mode 〈Exp. BR.〉 BR.NF BR.QCDF BR.QCDF,w.a. BR.QCDF,w.h.
B− → K−K0 < 2.9 0.7 0.41 0.25 0.45
B¯0 → K¯0K0 < 2.7 0.0 0.27 0.25 0.28
B¯0 → K−K+ < 0.7 0.7 0.21 0.0 0.2
B¯0 → K¯0ρ− < 48 0.6 0.47 0.6 0.4
B− → K−ρ0 < 11.7 0.8 1.54 1.1 1.0
B¯0 → K−ρ+ 12.8 3.1 9.2 3.0 8.2
B¯0 → K¯0ρ0 < 25.5 1.5 5.1 1.3 3.1
B− → K−ω 4.9 1.0 4.9 1.6 5.8
B¯0 → K¯0ω 6.4 9.7 10−2 6.34 0.3 7.8
B− → π−K¯0 20.2 24.2 20.3 10.1 20.8
B− → π0K− 12.8 13.1 10.0 6.7 11.3
B¯0 → π+K− 18.1 22.6 20.1 9.2 21.7
B¯0 → π0K¯0 11.9 9.4 12.0 3.1 11.6
τB
+
2τB0
[
B0→π+π−
B+→π+π0
]
0.47 0.9 0.4 0.55 0.75
τB
0
τB+
[
B−→π−π0
B0→π0π0
]
2.91 1.5 3.1 0.95 5.2[
2B±→π0K±
B±→π±K0
]
1.26 1.1 0.65 1.2 0.71
τB
+
τB0
[
B0→π±K∓
B±→π±K0
]
0.95 0.8 0.65 0.8 0.6[
B0→π∓K±
B0→π0K0
]
1.52 2.2 1.32 2.3 1.4
τB
0
τB+
[
B−→π−K¯∗0
B0→π+K∗−
]
0.82 1.3 1.04 1.15 1.2
τB
0
τB+
[
B−→K−φ
B0→K¯0φ
]
1.03 1.0 1.0 1.0 1.0
τB
0
τB+
[
B−→K−η′
B0→K¯0η′
]
1.13 1.5 1.34 1.3 1.5
τB
0
τB+
[
B−→K−ω
B0→K¯0ω
]
0.89 11.7 0.83 5.3 0.8
τB
+
τB0
[
B0→π±ρ∓
B−→π−ρ0
]
3.14 2.1 1.1 1.16 2.1
Table 8: Theoretical branching ratios for the B → KX (top, in units of 10−6) channel
and ratios (bottom) between B → KX and B → πX channels. Values are given for
naive factorization, BRNF , QCD factorization, BRQCDF , without annihilation contribu-
tion, BRQCDF,w.a., without hard scattering spectator contribution, BRQCDF,w.h., and for
an average value of the form factors and CKM matrix elements.
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